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A complete view of health not only considers the presence or absence of disease, illness or
disability, but also considers behavioural health. There are pharmacological interventions
prescribed by specialists (e.g. doctors), that help the body resist a certain disease, such
as inhalers for asthma sufferers. In a similar vein, there are behavioural interventions
(non-pharmacological) that are aimed at influencing behaviour, with the goal to achieve
and maintain a healthy lifestyle.
However behavioural interventions are often ad hoc and not well described, in terms
of goals, actions and appropriateness to specific situations, and not always adhering to
the CONSORT (Consolidated Standards of Reporting Trials) statement about standard
in reporting and publishing interventions of behaviour change1. To address this issue, a
collaborative effort among 400 researchers, from different disciplines, and 12 Countries has
resulted in the publication of a compendium of Behaviour Change Techniques (BCTs) [168].
The compendium includes 93 interventions to change human behaviour, with clear definitions
and examples, at times including mechanisms of action and modes of delivery [165].
This thesis builds on the same effort, and expands it in two ways, one conceptual and
one computational. From the conceptual point of view, we concentrate on a specific issue
around successful BCTs, that is giving explicit consideration to barriers that might prevent
the success of the intervention. From the computational point of view, we create a formal
ontology of the barrier model, which can be used to support health behaviour applications
in general, and BCTs in particular.
In order to give focus to the effort, we concentrate on barriers to physical activity
for individuals affected by Type 2 diabetes (T2D). The work includes (i) identification of
assumptions within the barriers domain knowledge and modelling of such barriers explicitly
within the ontology; and (ii) extraction and communication of constructive insights such
as advice (as suggestions for appropriate physical activity) to overcome barrier challenges.
By following an established process of ontology development, this work constitutes also
a walk-through case study in building an ontology from scratch, which expands on each
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respectively. Other associated concepts in this model are the stage of change, patient
and belief concepts. Finally, the model links to BCT to support the BCT’s goals. This
conceptual model is created by using the development ontology process (‘Ontology
Development 101’) (see Chapter 3 for more details).
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1. Yousef, Alfaifi, Floriana Grasso and Valentina Tamma, Developing a Motivational
System to Manage Physical Activity for Type 2 Diabetes [9], Workshop on Artificial
Intelligence for Diabetes in ECAI, p.22.
This paper presents a preliminary framework towards motivation of diabetic patients
to perform regular physical activity. The rule-based expert system (which uses if-then
rules) is used in this framework to identify accurate barriers to physical activity.
Based on the psychological researcher’s belief that the motivation of patients (e.g.
diabetic patients) to change behaviour (e.g. physical activity) is more efficient than
just treatment alone, persuasive technology is included in this framework. This
persuasive technology is defined as "learning to automate behaviour change". The
Fogg behaviour model, which includes motivation, ability, and prompt elements,
is suggested to present the concept of the phase of the persuasive strategy. Even
though this framework manages specific behaviour within a particular demographic
group, it can be applied to control other behaviours, other chronic diseases, and other
demographic groups.
Journal Abstract
1. Alfaifi, Y., Grasso, F. and Tamma, V., Abstract Publication, Developing a Motiva-
tional System to Manage Physical Activity for T2D. Journal of Diabetes Science and
Technology (JDST).
The abstract of this paper is published in The Journal of Diabetes Science and





Human behaviour is defined as “anything an individual does in response to internal or
external events" [139]. The many different internal and external factors influencing behaviour
make achieving and maintaining a change in behaviour a complex psychological problem,
and this becomes particularly crucial for implementing public health interventions to
encourage healthy behaviour in the population.
Various studies have attempted to understand the complexity of human behaviour,
and how to successfully bring about change and subsequent maintenance of such change.
These find important applications in the field of public health, which is increasingly at the
centre of governments agendas. With the now ubiquitous digitalisation of society, and most
importantly health, it is possible to implement interventions in a more systematic way, by
reaching out to a greater number of individuals than it had been possible with traditional
methods.
The work presented in this thesis contributes to the effort of digitalising public health
interventions, by concentrating on the problem of representing the knowledge necessary for
such interventions to be informed and principled.
This chapter serves as an introduction to the work presented here, and will start by
outlining the problem and motivation, which will later be expanded in Chapter 2. It will
state the main objective and research questions of this thesis, and will outline a summary
of the main contributions of the work. This will be followed by a list of the published,
peer reviewed output of the work presented here. An outline of the document will then be
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presented, followed by a summary.
1.2 Problem Statement and Motivation
According to the World Health Organisation (WHO) [180], a person’s general health is not
just the absence of disease, disability, illness, etc., but also incorporates the individual’s
mental and behavioural health. Therefore, behavioural or mental health is no less important
than physical health, and should not be ignored [127]. Many studies have attempted to
model and understand behaviour, specifically health behaviour. Based on these studies,
researchers working in social and psychological sciences, as well as in the health psychology,
have made efforts to develop interventions to legally and ethically influence human behaviour,
either to change or to maintain a previous behaviour change, where by intervention it is
meant a “coordinated set of activities designed to change specified behaviour patterns" [170].
Change and maintenance of behaviour through intervention is unsurprisingly a complex
psychological problem: is human behaviour is highly dynamic and is affected not only
by volatile and often changing factors - which can be both internal factors (e.g. emotion
and mood) and external factors (e.g. environment and culture) [21, 126], but also by the
complexity of the same intervention chosen [140, 168, 169], as each intervention comprises
different components or characteristics that interact with each other in a complex way [168,
181].
Such complexity has resulted in a very diverse style of reporting on various inter-
ventions [1, 8], with often unclear or inadequate descriptions of studies, and differing
or incomplete definitions, therefore making it hard to come to a consensus on standard
nomenclature or terminology for reporting efficient interventions, or evaluating the impact
of interventions on behaviour change and maintenance [65, 139, 168].
This uncertainty of terms and lack of consensus on the reporting of terms has not
been confined solely to theoretical behaviour studies, but it also negatively impacts on the
task of evaluating the accuracy of practical efforts to change behaviour, in sharp contrast
to other types of clinical studies, [90, 275], with a recent review reporting of about 71%
of behavioural (non-pharmacological) interventions inaccurately described compared only
with 33% of pharmacological interventions [165].
We will report in Chapter 2 of some efforts to propose a standard for generating
and presenting interventions, such as CONSORT (Consolidated Standards of Reporting
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Trials)1 [179] or the TIDieR checklist [275], but the work presented in this thesis builds on
the Behaviour Change Technique (BCT) taxonomy [140, 168], an international cooperative
effort among 400 researchers from different disciplines and over 12 countries, which has
resulted in the publication of a compendium of 93 behaviour change interventions with
examples and definitions, organised into 16 groupings.
The work presented in this thesis builds on the BCT taxonomy, and expands it in two
important directions: one conceptual and one computational. From a conceptual viewpoint,
the BCT taxonomy, and in general other attempts to classify behavioural change techniques,
do not account satisfactorily and explicitly for the barriers that prevent an intervention
from partially or wholly achieving its goals, despite these form a main component of some
behavioural models, as we will describe in Section 2.2.1.
From a computational viewpoint, while the BCT taxonomy constitutes a useful frame-
work for the health practitioners, we were interested in a more formal effort, which could
lay the foundations for building computer systems able to detect issues and plan digital
interventions accordingly. Finding out which interventions are effective requires robust
strategies to organise the large knowledge base, in order to allow aggregation, integration
and comparison of results from different studies, thus aiding detection of the effective inter-
ventions of behaviour change and maintenance. We take therefore the existing hierarchical
taxonomy of BCT as the essential first step in developing an “ontology", as an explicit,
machine-readable ‘specification of conceptualisation’ [98], for behavioural change systems,
which is focused on the notion of barrier. To the best of our knowledge, there is currently
no existing conceptual model or ontology of barriers to behaviour, therefore this study
provides an original and important contribution to building intelligent systems supporting
BCT and other health applications.
1.3 Objective and Research Question
As mentioned in the previous section, while the BCT taxonomy is an important step
towards a conceptualisation of concepts around behaviour change, the focus is mainly on
mechanisms of action and modes of delivery of interventions [165], and there is currently
no satisfactory conceptualisation, nor taxonomy, that identifies, classifies, and categorises
the barriers to behaviour, and the strategies to overcome them. Therefore, the primary
1http://www.consort-statement.org
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goal of this study is create a forma ontology of barriers, to support not only an expansion
of the BCT, but also other health behaviour digital applications. We can summarise this
study with the following central question:
“How can we use ontologies to formalise the notion of barriers to behaviour
change and their underlying assumptions in a machine-readable format to support
health informatics applications?"
In order to give focus and direction to our effort, we chose to concentrate on a specific
context, by identifying a particular scenario, and a particular behaviour within that scenario
which was likely to exhibit a barrier mechanism. In terms of scenario, and in line with
our main purpose to consider digital health interventions, we identified Type 2 Diabetes
(T2D) as a suitable one. This is a chronic disease, and is one of the most prevalent diseases
around the world, accounting for around 95% of the cases of diabetes. More than 422
million people were living with diabetes in 2014, and this number is expected to reach 552
million by 2030 [235] and 592 million by 2035 [109].
Whilst diabetes is normally mentally associated with medication (tablets or insulin
injections), a lesser known fact is that T2D can be effectively managed by adopting healthy
lifestyles, for instance engaging into regular physical activity, eating healthy, and stop
smoking. In particular, physical activity is probably less immediately associated with T2D
management, and therefore likely to generate barriers: we therefore identified physical
activity as the behaviour to consider within the scenario.
Therefore, this thesis will answer the above main question through the investigation of
the following subsidiary questions:
1. How can we build an ontology of “barriers to physical activity for T2D patients"?
2. How can we demonstrate the use of a formal methodology, including the notion of
ontology reuse, to objectively support the Barrier Ontology?
3. How can we use the Barrier Ontology to produce suitable recommendations of physical
activities which take into account barriers to such physical activity from T2D patients?
4. How can we evaluate our methodology, and offer general suggestions for ontology
developers?
1.4 Contribution
The main contribution of this thesis is a machine-processable ontology of barriers to physical
activity, especially tailored to patients with T2D, and obtained through a refinement of
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a taxonomy of terms acquired via a systematic review. This ontology was validated with
a two-fold approach, consisting of a data-driven and a competency question (CQ) based
evaluation.
This main contribution leads to several sub-contributions:
1. A taxonomy of generic barriers to behavioural change, which provides the foundation
for the ontology.
2. The identification of assumptions within the barrier’s domain knowledge, and their
explicit modelling within the ontology.
3. A comprehensive analysis that annotates relations between barriers and physical
activities for T2D patients, enabling researchers and software developers to gain a
greater understanding of the underlying information structure.
4. The introduction of a hybrid re-usable framework for building and evaluating an
ontology driven from data.
1.5 Thesis Outline
The rest of the thesis is organised as follows:
Chapter 2: Background: Models and Theories of Behaviour. This chapter
presents the psychological background to the study in the thesis, by reviewing studies on
human behaviour explaining how it can be changed and maintained, and how interventions
can be build to influence behavioural change.
Chapter 3: Ontology. This chapter unpacks intrinsic details pertaining to the subject
of ontologies. The chapter commences with a discussion of different ontology definitions,
covering both the computing and philosophical perspectives. This is followed by a review
of ontology representation techniques. Additionally, the chapter includes a narration
of the ontology development process and ontology evaluation methods (data-driven and
competency question based) implemented in the research study, which then Chapters 4
and 5 discuss when evaluating the Barrier Ontology. Finally, this chapter complete the
previous one by surveying efforts to create ontologies or taxonomies for behaviour and
behaviour change.
Chapter 4: The Barrier Ontology Method and Development Process. This
chapter breaks down the sequential steps followed in the development of the thesis’ main
contribution: The Barrier Ontology. It begins with a clear articulation of the ontology’s
requirements, then it presents the systematic review of literature used to extract terms and
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relations. A high-level conceptual barrier model is built by mapping the various concepts
or classes entailed in the taxonomy to each other depicting the identified relations.
Chapter 5: Evaluation. This chapter discusses how we apply two different approaches
in evaluating the Barrier Ontology: Firstly, a data-driven approach is used to compare the
ontology’s vocabulary of terms with a corpus of topics, summarising content in randomly
extracted web articles on the domain. The comparison computes measures including
precision, recall, and harmonic mean, which reveal the extent of semantic and syntactical
similarity between the ontology and the information of the domain it represents. The
second approach involves formulating a set of “Competency Questions" and extracting
answers to the questions from the Ontology. A validation of these questions is presented
which consists of a case study with human domain expert participants through a survey.
Percentage Similarity is used to determine the similarity between two sets of answers, hence
estimating the likelihood that the ontology would achieve its purpose successfully.
Chapter 6: Conclusion. This chapter summarises the answers to the research
questions presented in this Chapter 1, with reference to the specific chapters where these
were discussed. This is followed by summaries of the main findings and contributions, and
of the limitations of the approach. Finally, proposed future work to scale and enhance the
contributions made is discussed.
1.6 Summary
This Chapter frames the problem investigated in this thesis, by presenting the main research
questions, providing the motivations which drove the work, grounded in efforts in behavioural
psychology to design effective interventions for behaviour change, and identifies the main
contributions of this thesis. A map of the rest of the document is also presented. Chapter 2
will now move to a literature review of behaviour and behaviour change, providing more
detail on what has been introduced in this chapter.
Chapter 2
Background: Models and Theories
of Behaviour
2.1 Introduction
In Chapter 1, we presented a general overview, problem statement, motivation of the thesis,
and summary of the contributions and the research questions in this thesis. Before moving
to the main contribution of this thesis, that is the process of creating an ontology of barriers
to physical activity for Type 2 Diabetes (T2D), we will discuss in this chapter relevant
background to the area of behaviour change and maintenance, in order to better motivate
our choice of focusing on barriers to behaviour. A more specific review on efforts towards
the design of digital systems promoting behaviour change using an ontology is deferred to
Section 3.8.
This chapter will discuss, in Section 2.2, human behaviour and its key aspects, par-
ticularly exploring behaviour models and behavioural change theories, where the former
uniquely dissect factors underlying and influencing behaviour, and the latter facilitate
developing interventions aimed at changing or influencing human behaviour. Interventions
that can be used to change and maintain behaviour are discussed in detail in Section 2.3.
The Behaviour Change Technique (BCT) standard is presented in Section 2.4, with a





Human behaviour encompasses mental aspects, physical aspects, and all the ways humans
act and interact with each other. Based on behavioural studies, human behaviour is defined
as “anything an individual does in response to internal or external events” [139]. This means
human behaviour is highly complex and dynamic; it is influenced by many ever-changing
internal factors (e.g. emotion and genetic make-up) and external factors (e.g. culture and
the environment) [87, 126, 140]. It is often useful to characterise, rather than behaviour in
general, behaviours within a specific context or scenario, so we can discuss for instance,
among others, dietary behaviour, physical activity behaviour, smoking behaviour, shopping
behaviour, or adherence behaviour [161]. Most of the studies presented in this chapter
are related to the area of public health and medicine, not only because we also discuss
health-related behaviour, but also because most behaviour studies are associated with this
area [55], however we will also discuss more general models (e.g. Fogg behaviour model [82]),
as they can be applied to any particular behaviour, including health behaviour.
There are many different theories and models related to behaviour and behaviour change
interventions. A. Darnton [61] acknowledges that models of behaviour and theories of
behaviour change have significant overlaps, however also highlights and extensively discusses
their subtle differences. Darnton goes on to provide an intuitive distinction between the
two, indicating that models of behaviour (behavioural models) are helpful in understanding
specific behaviours by identifying the underlying factors which influence them, whereas
theories of behavioural change show how behaviours change over time and how they can be
purposefully changed.
Behavioural models are largely informed by theories which diagnostically explain factors
underlying or influencing behaviour. Examples of behaviour models include the Capability,
Opportunity and Motivation-Behaviour (COM-B) Model [170] and the Health Belief Model
(HBM) [119]. On the other hand, theories of behavioural change are focussed on supporting
interventions to change current behaviour or to facilitate adoption of new behaviour.
Examples of theories include the theory of behavioural change [19], the Theory of Planned
Behaviour (TPB) [3] and the Transtheoretical Model (TTM) [213] or theory [61, 239].
Some behavioural models and theories of behavioural change, including those aforemen-
tioned above, are discussed below.





Figure 2.1: A model for understanding behaviour (the COM-B model) [170].
2.2.1 Behavioural Models
We now present two prominent examples of behaviour models: COM-B and HBM.
Capability, Opportunity and Motivation-Behaviour Model
The Capability, Opportunity and Motivation-Behaviour (COM-B) Model or system [170]
is a recent widely cited model published in 2011 by Susan Michie et al. [164, 170], and
subsequently expanded to the compendium of Behaviour Change Techniques (BCTs) [168]
mentioned earlier, and discussed in detail in Sections 2.4 and then 3.8.1.
The components of COM-B give the essential conditions for a particular behaviour to
occur, interacting in a complex way to generate behaviour. Such components are Capability,
opportunity, and motivation. Capability is defined as the physical ability (skills) and mental
ability (knowledge) required to perform a particular behaviour. Motivation involves all
psychological brain processes, such as decision-making and emotion, to guide and prompt
behaviour. Opportunity concerns external factors that support the behaviours occurrence,
such as environmental factors. Figure 2.1 shows the components of the behaviour system; the
single and double arrows represent the interactions between components, and interactions
with behaviour, respectively. Opportunity and capability can influence motivation, while the
behaviour can be altered or affected by all three components (as shown in Figure 2.1) [170].
These components are common to other studies, even if they might be named differently,
for example, Fogg’s behaviour model uses ability, trigger and motivation [82], as opposed
to capability, opportunity, and motivation, respectively [170]: a common insight is that
exerting influence on the behaviour’s components (e.g. motivation) supports the task of
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changing behaviour and maintaining the change (Section 2.3) [82, 170].
Health Belief Model
The Health Belief Model HBM [119] is one of the oldest behaviour models and the most
frequently used model in psychological health. The HBM was developed in 1950 by social
psychologists at the U.S. Public Health Service [234]. The primary goal of this model is
to understand behaviour surrounding individuals who ignore medical advice to prevent
disease, and who reject regular check-ups to detect diseases early [119]. The HBM is based
on psychological and behavioural models, such as the belief that the real wish to avoid
disease, and the belief that a specific action, either physical or mental, prevents or cures
the disease, are related to health behaviour. The HBM includes six constructs: perceived
susceptibility, perceived severity, perceived benefits, perceived barriers, cue to action and
self-efficacy. The last two constructs (cue to action and self-efficacy) were not present in
the original model, but were added later by psychologists [119].
2.2.2 Theories of Behavioural Change
Our underlying aim is to contribute to the efforts implementing successful behaviour change
interventions. In order to be effective, implementations of behaviour change interventions
need to be based on knowledge on how behaviour can be affected [168, 170], and also on
understanding how these studies are to be interpreted [8, 43, 188]. Despite this, a survey
looking at 235 empirical applications of interventions has shown that as many as 77.5% of
these ignore the theoretical foundation [64, 65]. The natural result of this is an ineffective
implementation and flawed study of behaviour change interventions [167]. Therefore, to
produce reliable and dependable interventions, the existing theoretical studies - consisting
of theories, models, systematic literature reviews, analytical and experimental studies must
be taken into account [65, 139, 168]. This helps to explain the importance of the theoretical
knowledge when looking to build a contribution that is dependable and practical, and this
approach is what has been adopted in this research.
Two prominent theories of behavioural change, TTM and TPB are presented below.
Transtheoretical Model
The Transtheoretical Model (TTM) [213] or theory [61, 239] was developed in the late 1970s
by Prochaska and DiClemente [213]. Based on this model, the change of behaviour is the







Does not intend to take action
within the next 6 months
Intends to start the behaviour within
the next 6 months
Ready to take action within the
next month
Have recently begun behaviour
change and intend to continue
Sustained efforts for more than 6
months
Falls back into old patterns
of behaviour
Figure 2.2: A model for understanding behaviour-change processes: Transtheoretic
Model1 [213].
process of progressing through stages of the change cycle. Because of this change cycle, the
TTM is often referred to as the stage of change model [212]. This is despite these stages
being only one of several components of the TTM, such as self-efficacy, levels of change, and
processes of change. A particular behaviour (smoking) is used in the earlier publications to
exemplify the behaviour change problem, but the model was applied to other behaviours.
The TTM change cycle is described in six stages (Figure 2.2) and estimates the period
of time needed for a transition from one stage to the next, or the duration of each stage, in
six-month increments. The six stages are pre-contemplation, contemplation, preparation,
action, maintenance, and termination [212, 213]:
1. Pre-contemplation (Not Ready): An individual in this stage either does not intend to
take action to change the behaviour, or is not thinking about behaviour change. This
stage is “usually measured as the next six months”.
2. Contemplation (Getting Ready): An individual in this stage is starting to think about
changing the behaviour or is starting to think about taking action. This stage is
1This figure is not provided in [213].
12 Yousef Alfaifi
measured “in the next six months” in order to observe the individual’s intention to
change.
3. Preparation: An individual in this stage is preparing to take action (e.g. making
preparations to start regular physical activity) in the near future, which “usually
measured as the next month”.
4. Action: An individual in this stage is taking action and working towards maintaining
the desired behaviour. To evaluate the individual’s performance in this stage, the
specialists need to review individual’s action “within the past six months”.
5. Maintenance: An individual in this stage is maintaining and keeping the desired
behaviour (e.g. regular physical activity maintained for more than six months).
6. Termination: This is the last stage of the change process, where an individual has
completed the change cycle, and has zero temptation to relapse (100% self-efficacy).
The TTM is important also as it has been often adopted to produce digital interventions,
and in particular it was used to model behaviour and behaviour change within existing
behaviour change ontologies, such as the Health Behaviour Change Ontology (HBCO)
(Section 3.8.5), which we also utilise, as detailed in Section 4.3.3.
Theory of Planned Behaviour
The Theory of Planned Behaviour (TPB), published in 1991 by I. Ajzen [3], as an extension
of the theory of reasoned action by the same author [4]. The TPB aims to predict an
individual’s intention to engage in a behaviour at a specific time and place. The components
within the TPB are behavioural intention, subjective norms, attitude toward the behaviour,
perceived behavioural control, and target behaviour. The behaviour intention captures
motivational factors that influence a specific behaviour, such as how much effort someone
is willing to put into achieving the target behaviour. When the intention is stronger, it
stands to reason that the possibility of the behaviour occurring is increased. The subjective
norm component refers to socially accepted conventions and socially imposed pressures
upon an individual, which restrict or encourage the performing of particular behaviours.
The perceived behavioural control component refers to an individuals perception of ease or
difficulty in performing a given behaviour. The attitude toward the behaviour component
captures an individuals personal evaluation of a particular behaviour, being either favourable
or unfavourable. Finally, the target behaviour component captures the behaviour that
is intended to be changed or reinforced. Figure 2.3 presents these components and the










Figure 2.3: Theory of planned behaviour [3].
The formulation of TPB makes it particularly useful in predicting why people adopt
some behaviours and what are the perceived barriers to such adoption, in many cases in a
more efficient way than other models such as the HBM [36, 187, 216], which makes this an
important piece of research to consider in our study.
2.3 Behaviour Change and Maintenance
Behavioural science is involved in studying and understanding the complexity of human
behaviour, not only to change undesirable behaviour to desirable behaviour, but also to
maintain the change on a long term basis, as there is no great benefit to a short term
behaviour change [139].
Behaviour change is defined as “a set of interventions and strategies designed to change
specified behaviour patterns” [79, 170] to transform or modify of human behaviour. In-
terventions are defined as “as coordinated sets of activities designed to change specified
behaviour patterns” [170]. Observing and evaluating any behaviour change, however small,
takes a long time [81, 121, 211], however, regardless of the amount of change in such
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behaviour, it is still important to mark a positive impact on the individual, as well as a
positive impact on the community and society as a whole (e.g. public health) [8, 112, 139].
For example, individuals reducing the number of cigarettes they smoke, and increasing
their level of physical activity, are enacting a positive behaviour change which will have a
positive effect on their life [139].
Behaviour change maintenance is defined as “The continuous performance of a be-
haviour following an initial intentional change” [139]. In other words, maintaining the
behaviour reinforces the current behaviour. In models such as the Transtheoretical model,
behaviour maintenance usually occurs at advanced stages (action and maintenance stage)
(Section 2.2.2) [213]. This is one of the reasons that there is no separation or difference
between behaviour change and behaviour maintenance in some behaviour studies, as main-
tenance of behaviour is included alongside the behaviour change. An individual continuing
to not smoke or resisting the urge to smoke again [69], and performing regular physical
activity for an hour a day [112] are both examples of behaviour maintenance.
Comparison of the effective interventions to maintain the behaviour and the effective
interventions to change the behaviour shows that there are less evidence-based interventions
surrounding behaviour maintenance than there are surrounding behaviour change [65, 275].
This is due to a lack of studies evaluating interventions on a long-term basis. Additionally,
the impact of any intervention may weaken over time [57, 71, 139].
An understanding of behaviour change and maintenance alongside the complexity of
behaviour is required to decide on an effective intervention that has a positive influence on
behaviour change and maintenance [139, 161, 168, 275].
2.3.1 Behaviour Change Intervention
In order to change behaviour and maintain this change, efficient interventions are imple-
mented by behavioural researchers. An intervention (sometimes referred to as technique) of
behaviour change is defined as “as coordinated sets of activities designed to change specified
behaviour patterns” [164]. ‘Feedback’, ‘suggestion or advice’, ‘argument’ and ‘reinforcement’
are examples of interventions [168]. To implement and understand these interventions,
their characteristics or components have to be explained. The interventions include some
characteristics which are defined by Davidson et al. [62] as “who delivers the intervention,
to whom, how often, for how long, in what format, in what context, and with what content”.
From this definition, there are six main components of interventions: intervention (content












Figure 2.4: Components of the interventions, and relations among them [270].
and delivery), mechanisms of action, behaviour (target behaviour), context (population and
setting), intervention usage (uptake and engagement), and intervention effect [270]. The
components of interventions and the relations between them are shown in Figure 2.4.
The first and main component is intervention itself, which can be observed through the
delivery content (e.g. GP advice or coach feedback) and through the delivery method (e.g.
meeting, SMS, or mobile application). The second component is the target behaviour, which
is the specification of the behavioural outcome; this comprises the target behaviour to be
changed (e.g. smoking) or maintained (e.g. not smoking) [53, 275], and how the change
and maintenance is to be assessed after the intervention [69, 147]. The third component
is mechanism of action, which is defined as “the processes through which a behaviour
change technique affects behaviour” [165]. It aims to represent the relationship between
the targeted behaviour and the type of interventions. For example, emphasis is given
towards health risks (increased diabetes complications) and towards psychological risks [68]
(increased anxiety) to encourage the target person or group to perform or maintain the
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physical activity [207]. The mechanism of action is surrounded by debate and controversy
in the theoretical knowledge of behaviour and behaviour change community. This debate
is centred on the need for a consensus to be established about how the mechanisms of
action, that are specified in the theoretical work, are able to be mapped or linked to specific
intervention components. That is to say that a deeper understanding is required of how the
theoretical mechanisms of action interact with individual intervention components [165].
The fourth component is the interventions usage, which is known as the acceptance (uptake)
and the involvement (engagement) of the intervention of the target person or group. The
fifth component is context of the intervention, which contains the characteristics of the
target person or group (target population) and other related external factors (setting). The
characteristics refer to the health and psychological condition or status of the target person
or group. The setting includes social factors (e.g. culture, education, social and ethnic
customs) and environmental factors (economic status, time restriction and location). The
last component is effect, which measures the result (outcome) of a particular component,
such as interventions and usage, on the targeted behaviour. Figure 2.4, which is published
by West and Michie [270] demonstrates the components of behaviour change intervention,
the relationships between them, and how they interact.
The complexity of these components (e.g. mechanisms of action), as shown in Figure 2.4,
must be taken into account during the development of behaviour change applications, using
concepts such as an ontology (Chapter 3). When, studying and understanding behaviour
(e.g. context), behaviour change (e.g. intervention), the structure of human behaviour
and the cycle of behaviour change and maintenance, it is necessary to develop efficient
interventions based on scientific evidence [169].
The goal of behavioural medicine is to understand the mechanisms of action, the
processes of behaviour change, etc. in order to decide on suitable interventions to change
the target behaviour and to then maintain the change. This understanding is acquired from
the theoretical knowledge of behaviour and behaviour change [168, 169].
2.4 The Behaviour Change Techniques Taxonomy
The inherent complexity of interventions to influence behaviour, as mentioned in Section 2.3.1
and demonstrated in Figure 2.4, has at times resulted in the poor descriptions and definitions
of interventions across behaviour studies. While there is an established practice in reporting
and publishing clinical interventions in an evidence-based manner, this is not always true
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for behavioural ones. For example, CONSORT (Consolidated Standards Reporting Trials)2
is “intended to improve the reporting of a randomized controlled trials (RCTs), enabling
readers to understand a trial’s conduct and to assess the validity of its results” [179], and
evidence suggests that using it increases the quality of reports of RCTs. It provides guidance
for researchers to publish and report eHealth and mHealth interventions [76]. CONSORT
is published in Dutch, English, French, German, Japanese and Spanish, and it includes a
precise description of the content, delivery method and mechanisms of action related to the
interventions [275]. In fact, a systematic review [155] showed that 67% of pharmacological
interventions from medical specialists were accurately defined and described. This is in
sharp contrast with non-pharmacological interventions, of which only 29% were accurately
defined and described. Even when using standard reporting, mechanisms like CONSORT
do not provide details pertaining to “who delivers the intervention, to whom, how often,
for how long, in what format, and in what context, and with what content” [168]. Other
checklists exist, such as the Template for Intervention Description and Replication (TIDieR)
which defines the primary elements (i.e. interventions’ characteristics and content, mode of
delivery, target behaviour, context, uptake and engagement, and intervention effect) [160]
(Figure 2.4), that must be reported for any intervention, but includes only the procedures of
delivery (mode of delivery) of interventions (such as face-to-face) instead of the intervention’s
content (e.g. goal setting) [275].
To bridge this gap, an effort by 400 researchers and specialists from various disciplines,
including behavioural medicine, from 40 countries, collaborated to create the "Behavior
Change Technique Taxonomy" [168, 276] in which a behaviour change technique (BCT) is
defined as “an observable, replicable, and irreducible component of an intervention designed
to alter or redirect causal processes that regulate behaviour; that is, a technique is proposed
to be an active ingredient” [168]. Since then, this has become a unified method to publish
and report evidence-based behaviour change interventions. The taxonomy includes 93
interventions with clear definitions and examples. It covers many different behaviour
types, such as healthy eating, physical activity [162], smoking cessation [271], and changing
professional behaviour [117, 168].
The organisation of BCTs in a taxonomy is particularly useful to our purposes as the
first approximation to a more complex knowledge representation in form of an ontology, as
we will discuss in Chapter 3.
2http://www.consort-statement.org
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2.5 Barriers and Determinants to Behaviour Change Inter-
ventions
In models such as the COM-B model (Section 2.2.1) it is postulated that in order for a
particular behaviour change to occur and be maintained, some behaviour’s components
should be influenced [82, 170]. This influence on these components have to come together
at the same time to achieve the goal of modifying behaviour and maintaining the behaviour
change, otherwise the influence on behaviour does not happen [82].
The BCT taxonomy also links directly to different behavioural determinants to achieve
the target behaviour [154, 166]. These determinants are defined as “the factors that require
change for the goal behaviour to occur" [154].
Theories and models of behaviour help identify these determinants, such as the already
mentioned Health Belief Model [119], Bandura’s theory of behavioural change [19], or
the Theory of Planned Behaviour (TPB) [3], or more recently the Behavioural Reasoning
Theory [272].
In [78] Fishbein et al note that for a person to engage into a behaviour, the following
circumstance need, all or in part, to apply:
1. The person has formed a strong positive intention (or made a commitment) to perform
the behavior.
2. There are no environmental constraints that make it impossible for the behavior to
occur.
3. The person has the skills necessary to perform the behavior.
4. The person believes that the advantages (benefits, anticipated positive outcomes)
of performing the behavior outweigh the disadvantages (costs, anticipated negative
outcomes); in other words, the person has a positive attitude toward performing the
behavior.
5. The person perceives more social (normative) pressure to perform the behavior than
to not perform the behavior.
6. The person perceives that performance of the behavior is more consistent than incon-
sistent with his or her self-image, or that its performance does not violate personal
standards that activate negative self-sanctions.
7. The person’s emotional reaction to performing the behavior is more positive than
negative.
8. The person perceives that he or she has the capabilities to perform the behavior under a
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number of different circumstances; in other words, the person has perceived self-efficacy
to execute the behavior in question.
Factors and determinants can be enablers (they facilitate a behaviour) or barriers (they
prevent a behaviour), and both sets of factors need to be addressed in order for a change to
occur. In an example such as physical activity behaviour, intention, self-efficacy and barriers
(e.g. lack of time and tiredness), may be the factors that require intervention [80, 86].
In our study, we concentrate on the second set of factors, and we focus our attention to
the barriers to a behaviour. Barriers are often not addressed to a sufficient extent, with
behaviour change campaigns more likely to concentrate on enablers. However, McKenzie-
Mohr [158] notes for instance that interventions aimed at "enhancing knowledge and creating
supportive attitudes" often have very little impact, as the complexity of adopting a behaviour
is not like changing consumer preference, while "[i]n contrast, promoting engagement in a
new activity, such as walking or biking to work, is much more complex. An array of barriers
to these activities exist, such as concerns over time, safety, weather, and convenience. The
diversity of barriers that exist for any sustainable activity means that information campaigns
alone will rarely bring about behaviour change." [158].
Different barriers prevent interventions from achieving their goal of changing and
maintaining a specific behaviour [163]. The term ‘barriers’ first appeared in 1974 in Baker’s
health belief model [226] as “the obstacles or impediments to taking action to reduce
the threat of illness" [157]. The barriers were also included in different behaviour models
such as the HBM, defined as “perceptions concerning the unavailability, inconvenience,
expense, difficulty, or time consuming nature of a particular action” [157, 204]. Barriers
can be categorised into different types, depending on whether they refer to health, physical,
personal, environmental, psychological, or social factors. The identification of barrier to
behaviour in particular for patients with T2D was highlighted as crucial in behaviour
change interventions [222], which confirms the appropriateness of the scenario we use in
this work. Addressing barriers in a conceptual model for interventions will support not
only the digitalisation of behavioural change techniques, but also other health behaviour
applications, as appropriate patient advice to prevent or overcome these barriers will give
more efficacy to the behaviour change [163].
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2.6 Summary
Comprehensive health assessment includes both physical and behavioural health. Despite
the complexity of human behaviour, which can be affected by many internal and external
factors, there have been clear efforts to create interventions to improve behaviour of
patients, to swap unhealthy behaviour for healthier behaviour. Theories and models from
the behaviour research area support the understanding of human behaviour before, helping
researchers deploy interventions to change and maintain behaviour. Having reviewed the
most influential theories and models of behaviour, we have identified the factors that
need to be taken into account to implement behaviour change interventions, and we have
noted that barriers, as factors preventing change, are both not sufficiently addressed and
extremely crucial for long term, complex behaviour change. We can now move to address
the conceptualisation of these factors into an ontology which can support digital behavioural
change interventions, and in Chapter 3 we begin by explaining and reviewing the field of
ontology engineering, before reviewing applications within the behaviour and behaviour




In Chapter 2, we reviewed human behaviour, behavioural models, to understand human
behaviour and behaviour change. This chapter provides a review of research on ontologies,
before moving to report on the main contribution of this thesis, the Barrier Ontology.
Ontology is a term that originates in Philosophy, before being borrowed by Computer
Science, and Knowledge Engineering. In Section 3.2, we define what is meant by ontology
in Philosophy; one of the most accepted definitions of an ontology in Computer Science
was published by Gruber in 1993: “an explicit specification of conceptualisation” [97]. This
chapter discusses the refinements that have been made to Gruber’s definition by others,
and how these relate to the structure, creation and evaluation of ontologies in computer
science; from here we refer to ontology in computer science simply as ontology.
Sections 3.3 and 3.4 present components and types of an ontology, respectively, highlight-
ing those used in this thesis. Formal languages for representing an ontology are discussed
further together with ontology representation (Section 3.5). Section 3.6 discusses the
ontology development process, focusing on the “Ontology Development 101" methodology,
which is the one followed in this thesis to develop the Barrier Ontology.
Evaluation of an ontology is one of the most debated topics in the ontology field. There is
no set approach to ontology evaluation. Several proposed approaches to evaluate an ontology
are discussed in Section 3.7. Finally, Section 3.8 presents some taxonomies and ontology




3.2 Defining an Ontology
The term ontology appears in both Philosophy and in Computer Science. Philosophically, an
ontology is defined as “the branch of metaphysics dealing with the nature of being” [13, 260]
or the “theory of existence” [177]. This concept has been successfully imported in Computer
Science, in the area of research dealing with knowledge representation, and several new
definitions were produced, which we list here in order of their published date i.e. from
oldest to newest.
Neches et al. “An ontology is the basic terms and relations comprising the vocabulary of
a topic area as well as the rules for combining terms and relations to define extensions to the
vocabulary” [186]. This definition, published in 1991 by Neches et al., is to our knowledge
the first definition of ontology in Computer Science [92, 93, 195]. In addition to the given
definition, the authors detail what they consider an ontology’s main components, that is
terms and relations, and how to combine these by using rules to build an ontology [92, 93].
Interestingly, this definition indicates that terms include both explicit terms and terms
inferred by using rules [93].
Gruber. “An ontology is an explicit specification of a conceptualization” [97]. This is
probably the best known definition, and is very flexible in that an ontology can take one
of multiple different forms; an ontology can be seen as a control vocabulary (collection of
terms), a glossary (a list of terms and their meanings), or a set of taxonomies (terms with
their relations) [156, 189]. An ontology may also be a set of definitions of classes, properties,
and constraints on the way those classes and properties can be employed. As a minimum,
an ontology includes a taxonomy, that is “a hierarchical is-a relation between concepts” [37].
When we consider the ontology development process, we will see that defining the classes
and the class hierarchy (taxonomy) is the main step (step 4) of the process (Section 3.6).
The above definition of an ontology, was published in 1993 by Gruber. Despite coming 2
years after the one by Neches, Gruber’s definition has become the most accepted and the
most referenced definition of an ontology in the literature [92, 93], hence, most definitions
of an ontology today, are refinements of Gruber’s definition [93, 243]. We include some
examples of these below.
• Borst. “Ontologies are defined as a formal specification of a shared conceptualiza-
tion” [35].
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The definition by Borst is a formal specification, covering the nature and purpose of an
ontology. The formal specification helps it to be machine readable, and the reference
to a shared conceptualisation looks towards offering mediation between a person
and a system. This definition is distinguished from Gruber’s by the term “shared”,
emphasising that the ontology needs to be agreed upon by the stakeholders [210].
• Studer et al. “An ontology is a conceptualization that refers to an abstract model
of some phenomenon in the world by having identified the relevant concepts of that
phenomenon” [243].
This definition by Studer et al. combines the definitions by Gruber and Borst, giving
a more specific explanation of the two.
• Swartout et al. “An ontology is a hierarchically structured set of terms for describing
a domain that can be used as a skeletal foundation for a knowledge base” [247].
The definition by Swartout et al. uses the fact that a domain-specific ontology
comprises a set of related terms arranged in a hierarchical structure for a specific
domain. Heuristics are then used to prune the given ontology when needed [92].
• Bernaras et al. “An ontology provides the means for describing explicitly the
conceptualization behind the knowledge represented in a knowledge base” [28].
From Bernaras et al.’s perspective, an ontology is an initial construction of the
knowledge base. The ontology is then extended, refined and augmented to include
more definitions when new applications for the ontology are created.
A few keywords resonate across most of the definitions narrated above:
1. Explicit; implying that the type of concepts used, and the constraints on their use
are clearly expressed [243].
2. Formal; “referring to the fact that the ontology should be machine-readable” [243].
3. Shared; “reflects the notion that an ontology captures consensual knowledge, that is,
it is not private to some individual, but accepted by a group” [243].
4. Specification; a formal description of how something is to be created that meet certain
specific requirements or criteria. A specification is delivered using a formal language,
in order to reduce or eliminate any ambiguity. An example of a specification is the
expression of context-free grammar using Backus-Naur Form (BNF) [202]. In ontology
languages, the syntax and the semantics are both given using specifications; this in
agreement with Borst [35] who states that an ontology should be formal. Finally
5. Conceptualization; referring to the abstraction of phenomenon in the domain of
discourse, whereas the ontology formally models the conceptualization [100]. It is
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therefore possible to express, logically, the word “reality”. Take, for example, the
following propositional logic formula [95]: ∀ A(X) → B(X) , which can be used to
express the sentence “all men are mortal” as: ∀x.man(x)→ mortal(x).
A variety of ontology definitions exist in literature, however, most are derived from
Gruber’s definition, meaning his definition is a widely accepted and used definition of
ontology. Because of this wide acceptance, the work in this thesis will use the definition of
ontology as given by Gruber [97].
3.3 Components of Ontologies
Based on Gruber’s definition of an ontology, as narrated in the preceding section, an ontology
is associated with terms or vocabularies that relate with each other (e.g. hierarchical classi-
fication) to describe a specific knowledge domain. The fundamental ontology components
are: concepts, relations, instances, and axioms [92, 93, 97, 238]. It is not necessary for an
ontology to include all of these components - this depends on the complexity, expressiveness
and the representation of an ontology [238]. We now describe these components in detail.
Concepts. The concept is considered the backbone of an ontology. It describes the
reality of the world, and can be used to describe such things as objects, functions, actions,
strategies, or reasoning processes [92]. Usually, concepts are organised as hierarchical
taxonomies (Concept, SubConcept etc.) in the ontology [243]. For example the physical
activity ontology1, which is re-used in this research, has ‘Exercise’ as one of the main
concepts and sub-concepts like ‘AerobicExercise’, ‘AnaerobicExercise’ and ‘FlexibilityEx-
ercise’. Concepts are sometimes referred to as classes [192], particularly for the ontology
development process (as in Section 3.6).
Relations. The main goal of the relation is to link concepts, i.e. related terms of
the domain. Two main types of relations included in an ontology are object property
relations and data property relations. An object property relation is usually used to link
two classes together, with one of these classes represented as a domain of the relation
and the other as the range of the relation. A data property relation allows assigning of
literal values to class instances. Other relations automatically induced by the ontology
hierarchical structure are RDF (Resource Description Framework) property relations (Sec-
tion 3.5.3), such as subClassOf, which link hierarchical classes together. Following the
1http://bioportal.bioontology.org/ontologies/SMASH?p=classes&conceptid=root
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physical activity ontology example introduced in the concepts block above, examples of
object property relations include ‘doesRunning’, ‘doesWalk’ and ‘doesWeightLifting’. Exam-
ples of data property relations in the same ontology include ‘hasAvgSpeed’, ‘hasIntensity’
and ‘hasTotalStepCounts’.
Instances. Instances, also known as individuals or objects [264], are used to represent
individual specific instances of concepts [192]. For example, ‘boxing’, ‘running’, ‘soccer’
and ‘tennis’ are instances of the ‘AthleticSports’ class in the physical activity ontology.
Axioms. Axioms are the assertions [278] (including rules) that are used to represent
facts (truthful sentences) in a logical form [88]. Axioms are used to restrict the relations
and concepts of an ontology [278]. For example, within the physical activity ontology,
‘AthleticSports’, ‘Exercise’ and ‘OccupationalAcitivity’ are subclass that are restricted by
disjoint axioms to prevent them from overlapping.
3.4 Types of Ontologies
Though there is no agreed taxonomy of ontologies, there are various classification systems
for an ontology considered in the literature, which categorise based on either a particular
property of the ontology, or a particular property about the domain or task to which it is
applied [6]. Mizoughi et al. [6, 178] classify ontologies into four types: content, communica-
tion, indexing, and meta-ontologies. Then content ontologies are classified as domain, task,
and general/common ontologies. Van Heijst et al. [256] classify ontologies into two types:
type and structure of classification, and the subject of conceptualisation. Guarino [6, 101]
classifies ontologies based on their level of dependence on a particular task, distinguishing
between top-level, domain, task, and application ontologies. Lassila and McGuinness [6, 141]
classify ontologies according to the information need, and richness of the internal structure,
distinguishing between the following types of ontologies: controlled vocabularies, glossaries,
thesauri, informal is-a hierarchies, formal is-a hierarchies, formal instances, frames, value
restrictions, and general constraints. Another ontology’s classification is based on the
subject of the conceptualisation [6, 94] to provide four different types of ontologies: domain
ontologies, task ontologies, domain-task ontologies, and application ontologies.
We do not seek to present an exhaustive typology of ontologies in this section, we simply
look to explain in detail the most common types of ontologies:
Top-Level Ontology. Top-Level ontologies describe very general and high-level con-
cepts, which are related to particular problems or domains. The conceptualizations which
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they present are not specific, but can be applied across many individual problems and
domains. For example, an ontology presenting space and time [259] can be applied across
many problems and domains.
Domain Ontologies. Domain ontologies are commonly used to represent specific
domain knowledge (e.g. medical, biology). Domain ontologies use vocabularies and
relationships between concepts to express the domain knowledge. Examples include disease
ontology2 [231] and physical activity ontology3.
Task Ontologies. Task ontologies are used to model domain vocabularies that are
relevant to a generic or specific activity (e.g. to solve problems). Task ontologies are not
restricted to the single domain – they can be used in modelling different tasks irrespective
of the domain. Examples of task ontologies include Scheduling Applications ontology (e.g.
Emergency Management Natural Events category with the hierarchy [273]) [217].
Application ontologies. Application ontologies are based on a particular application
and describe the vocabularies related to that particular application. An application ontology
is extendible, in particular into a specific problem or application. Examples of application
ontologies include navigation ontologies [218] (e.g. MEDICO-Annotation-Ontology [233]).
The ontology developed in this thesis is a ‘Task Ontology’, and is built to purposely
introduce a classification that has been neglected in current Behavioural models such as
Behaviour Change Technique (BCT) [168]. This work proposes a barrier classification
ontology which highlights limitations Type 2 Diabetes (T2D) patients suffer during rehabil-
itation. Barriers to physical activity have been under-researched up until today, which is
evidenced by the lack of a barrier classification.
When we consider the different types of ontology, Task, Application and Domain
ontologies are all specializations of the Top-level ontology [252]. In a similar manner,
Application and Task ontologies are specializations of Domain level ontologies. In this
research, in order to create our task ontology, we merge our own systematically defined
concepts with concepts derived from four existing domain ontologies i.e. BCT [168], General
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3.5 Ontology Representation
In order to achieve the ontology’s objectives, an ontology is formally represented in machine-
readable languages known as ontology languages. Ontology languages allow users to write
explicit, formal conceptualizations of domain models [14] used to represent ontologies. We
review three current standards (Web Ontology Language, Description Logic and Resource
Description Framework) that are used in developing our proposed ontology below.
3.5.1 Web Ontology Language
Web Ontology Language (OWL)6 is a prevalent knowledge representation language with
a specification developed and maintained by the World Wide Web Consortium (W3C)7.
It is a standard to represent an ontology in the domain of the semantic web. OWL
allows complex knowledge (expressive sentences), such as “Every exam must have at
least one examiner who is a professor or all examiners of an exam must be professors
(Exam v ∃ hasExaminer · Professor)” to be expressed logically [111].
The ability of OWL to model the complex representation of knowledge, enables it to
reason about the given knowledge domain.
Constructs of OWL. Whereas Description Logic (DL) uses terminologies that include
concept, property/roles, and individual, OWL uses different terminologies, which are
described below.
• Classes: a set of individuals with shared properties. Classes start with uppercase
letters.
• Properties: represents attributes of classes (a data property or concrete role) and the
relationships between classes (an object property or abstract role) [83].
• Individuals: instances of classes; linked to other individuals using properties.
The OWL family of languages consists of three different sub-languages, which give the
user the ability to chose the version most suited to their use case: OWL Lite, OWL DL,
and OWL Full [111].
6The distorted or illogical acronym of Web Ontology Language (OWL; not WOL), which was suggested
by Tim Finin, hides behind it an interesting back story and uncertain origin; it possibly refers to the original
character (owl) in the A.A. Milne story, “Winnie-the-Pooh”. Other possible reasons are that owl has no
ambiguous pronunciation, that it brings greater opportunity for logo design, and that the animal owl is
associated with wisdom [111].
7https://www.w3.org/
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OWL Lite is the most basic of the three variants; it is the least expressive of all variants,
decidable, and has exponential computational complexity. OWL DL encompasses all
features of OWL Lite, being more expressive and still decidable. It is supported by the
majority of software tools and the computational complexity in the worst-case is worse, at
Nexp. OWL Full encompasses all features of OWL DL, and is the most advanced variant of
the language. As a result, it is undecidable, very difficult to work with, with little support
from existing software tools.
OWL development is led by the W3C and has had several iterations since its initial
launch, with the latest release being OWL 2, released in October 2009 [111]. New con-
structs introduced in OWL 2 include ones concerned with description of the properties,
such as property chain axioms, qualified cardinality restrictions, and negative property
assertions [184]. For example, OWL 2 introduces syntactic sugaring for defining multiple
disjoint classes in the same axiom (disjoint WITH) [111].
OWL is based on DL and is more formally “equivalent to description logic SHOIN” [266].
There are many examples of OWL applications, especially in public health. One particular
public health application of OWL is the human disease ontology8 [230], which is further
discussed in Section 4.3.3.
3.5.2 Description Logic
Description Logic (DL) is defined as a “family of logic-based knowledge representation
formalisms, which can be used to develop ontologies in a formally well-founded way” [18, 245].
This means DL provides “a logical formalism for ontologies” to represent and model the
domain concept, and more specifically the semantic web [114, 225]. DLs are decidable
subsets of first-order logic, serving as the basis for the Web Ontology Language (OWL) [122].
In Section 3.5.1, we discuss OWL in further detail (including the three sub-languages of
OWL).
The basic building blocks of DL are concepts, individuals and roles. The definitions
of DL components are identical to those of ontology, as introduced in Section 3.3, though
a different naming convention is used: concepts, individuals and roles of DL map to
concepts, individuals and properties of an ontology, respectively. The elements of the
various representations are capable of representing the reality of the world in a logical
structure, called TBox. For example, consider the following two scenarios: a parent is a
8http://disease-ontology.org/
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person (human) that has one or more persons as their child, and a grandparent is a parent
that has one or more children, of which one or more is also a parent. DL represents these
scenarios as follows [59, 60], (child is also shown to increase understanding).
Parent ≡ Human u∃HasChild ∃HasChild.Human
Child ≡ Human u∃HasChild ∃HasParent.Parent
GrandMother ≡ Parent u∃HasChild.( ∃HasChild.human)
The above statements used to represent the scenarios in DL are examples of axioms,
which are the fundamental modelling concept in DL. An axiom is defined as “a logical
statement relating roles and/or concepts” [224].
DL is also capable of reasoning using the open world assumption [279], i.e. anything
might be true unless it can be proven false [279]. This reasoning plays an important role in
designing and maintaining an ontology, as well as answering CQs and queries (Section 5.3).
3.5.3 Resource Description Framework
Despite not formally being defined as a language for expressing ontologies (like OWL),
Resource Description Framework (RDF) is a proven standard for establishing interoperability
on the web. It enhances the processing and use of meta data [14]. Whilst RDF and Extensible
Markup Language (XML) are used alongside one another, they’re conceptually different,
RDF is responsible for the semantics whereas XML is responsible for the syntax, as applied
in real world computer applications [66]. Conceptually, RDF defines three object types [40]:
1. Resources: A resource is anything expressed in RDF, which is an instance of a class.
For example, Exercise is a class in the physical activity ontology.
2. Properties: A property is a specific attribute of a resources. For example, Prevents is
a property of the physical activity and barrier resources.
3. Statements: A statement is an RDF statement consisting of a specific resource
together, a named specific property, and the value of that property for that resource.
Resource Description Framework Schema
Resource Description Framework Schema (RDFS) is an extension of RDF that allows
modelling of externally specified semantics, for purposes of mapping them to specified
sources. RDFS primitives include rdfs:Class, rdfs:subClassOf, rdfs:subPropertyOf, and
rdfs:label etc. Each of these primitives has got a unique role in the data model of an
RDFS schema, for instance rdfs:Class maps to rdf expressions; rdfs:subClassOf models the
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subsumption hierarchy between classes; rdfs:label maps to an instance of a property.
Elementary statements are often employed in describing elements of an RDF schema [14].
Using a scenario with the two domains adopted in this work [Physical activity and Barri-
ers], we now give samples of elementary statements. Physical activity and Barrier form
classes as Class(PhysicalActivity) and Class(Barrier). Sub classes to Physical activity
such as Exercise and OccupationalActivity are organized in class hierarchies as subClas-
sOf(Exercise, PhysicalActivity) and subClassOf(OccupationalActivity, PhysicalActivity),
respectively. Walking and Running are instances of Exercise initiated as Individual(walking
type(AnaerobicExcercise)) implying (‘Walking is of type AnaerobicExcercise’). ‘Rainy
Weather’ is an instance that prevents Walking, this relationship is modelled as Individual
(‘RainyWeather’ value(prevents ‘Walking’)).
3.6 Ontology Development Process
In order to develop an ontology which allows for sharing and reusing the given domain
knowledge, and for making domain assumptions explicit, etc., an ontology development
process could be used to guide the development. There are several methodologies [94, 99,
192, 242, 254] which are reviewed in [102] that can be followed to create an ontology from
scratch. The difference between these methodologies is often the inclusion and arrangement
of particular steps. For example, the methodologies in [99] and [254], stipulate that the
objectives of the ontology must be identified before starting. The methodologies in [94]
and [192] provide processes to set and limit an ontology’s objectives (e.g. determine the
domain and scope of the ontology [192]). Another common difference between methodologies
is differing names or terms used to describe steps with similar requirements. For example,
the first step, usually concerned with defining objectives or purpose, is described in different
ways in different studies (e.g. “determine the domain and scope of the ontology” in [192]
and “specification” in [120]), although the step’s requirements are the same. Furthermore,
some methodologies focus on creating an ontology in a specific field, such as a methodology
to create a chemical ontology [146].
In the ontology development process, it is advisable to follow one of these methodologies
in order to ensure that all steps are achieved to meet requirements and goals of the ontology,
especially if the objectives of the ontology are not clear from the start [41]. Adapting any
one of the methodologies that makes it relatively easy for both domain and non-domain
experts as well as researchers to review, re-use and understand the ontology. Similar to
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other researchers, in addition to utilizing these methodologies we ensure to do the following:
(1) Endeavour to construct the ontology such that it reflects the reality of the world and
(2) Iteratively follow the development steps i.e. iterative ontology designing which is crucial
during the entire life cycle of the ontology.
When establishing an ontology, it is possible to merge different methodologies to create
a new ontology, where each methodology provides a distinct advantage towards achieving
the design ideas [41].
In this section, we present details about one of the most common methodologies used
in ontology development, called “Ontology Development 101” [192], also referred to as
the “101 Methodology”. This methodology has been applied practically in different ontology
applications, particularly in health. At the time of writing, the number of citations of
this methodology has surpassed 6400. This gives a positive indicator of its success, wide
adoption and application in various studies and research areas. The 101 methodology
includes quick and simple steps that can guide in creating an entire ontology from scratch,
even if the objectives of the ontology are ambiguous, vague or unclear at the beginning.
The 101 method is easy to understand and apply, even for non-domain experts [44]. We
discuss the 101 methodology below, which is later applied practically in Section 4.3 to
develop the Barrier Ontology.
1. Decide the domain and scope of the ontology. Determining the ontology’s
domain and scope is commonly the first step in the ontology development process.
The answers of several fundamental questions are required to define the domain and
scope of the ontology, though the response to these questions could change during
the design process. These questions include, but are not limited to, the following:
• What is the area covered by the ontology?
• What is the ontology used for, and to whom is the ontology targeted (end users)?
• To what types of questions should the ontology provide answers?
Noy et al. highlighted the importance of competency questions (CQs) (at a later
stage of the ontology development or preferably upon completion) indicating that
they serve as the litmus test for the ontology [192]. In other words, they’re essential
in evaluating how well the ontology fits the decided domain and scope. The CQs are
defined as “the definition of ontology requirements described as informal questions
that an ontology must be able to answer” [56]. This means that an ontology that is
fit for purpose should be capable of answering these CQs. Some of the CQs that are
related to this study (barriers to physical activity behaviour) are shown in Chapter 5
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(Section 5.3.2).
2. Import existing ontologies as much as possible. Usually, the second step of
an ontology development process is to import the current existing ontology. It is
essential to check whether there is an existing ontology in the domain area that can
be imported, instead of creating one from scratch. It not only saves effort on building
an ontology from the beginning, but is also good practice in the ontology development
process. This step is usually necessary if the given ontology is required to link with
other related ontologies, such as when using existing control vocabularies. Many
different existing ontologies or enumerate terms are either free to use or open-sourced,
available via online medical resources such as Medical Subject Headings (MeSH) [197]
and the National Center for Biomedical Ontology (NCBO), which has a portal
called BioPortal9. These existing ontologies are often presented in the RDF format.
Sourcing suitable and reliable existing ontologies is a significant challenge for ontology
developers. Once a suitable existing ontology is found, unless it’s regularly updated,
it will often contain either out-dated or different formalisms that are inconsistent with
current and future standards in web semantic development. Nonetheless, the process
of transforming an ontology from one form to another form is not a complicated
process [192].
3. Enumerate important terms in the ontology. This step can otherwise be
thought of as the vocabulary collection stage, as it’s during this stage that terms or
vocabularies are gathered from different sources. These sources could include domain
experts, interviews with intended users, questionnaires, and literature reviews. During
this process, it is preferable to identify as many terms as possible, regardless of any
overlap among terms, relations and properties. Later, some of these terms become
relationships (properties) or individuals.
4. Define the classes and the class hierarchy. The fourth step of the ontology
development process defines the classes and hierarchy or taxonomy relationships
between related classes (terms). This step selects terms that can be classes, ignoring
others such as property terms, which can be handled in a separate step.
In order to develop the taxonomy relationships among the classes, there are several
methods that can be followed.
• Top-down method: This method starts with the most general concepts in the
9https://www.bioontology.org/
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given domain, which are then broken down into more specific concepts. This is
then recursively repeated until a particular granularity is achieved. For example,
the human disease ontology begins with the disease class (general category). It
then proceeds with classifying the disease class into eight types of disease, such
as metabolism. Next, the metabolism class is classified into acquired metabolic
disease and inherited metabolic disorder disease, and so on, to reach a specific
definition type of disease, such as diabetic ketoacidosis (this is demonstrated
in Figure 3.1). The top-down method is adopted in this thesis i.e. we initially
determine top level concepts which include various barrier types, such as envi-
ronmental barrier and personal barrier. Environmental barrier is subsequently
broken down to weather condition, which is further broken down into the most
specific concepts, such as cold, hot, and rainy.
• Bottom-up method: The bottom-up method is the reverse of the top-down
method. It starts from the specific concept and goes up until the general concept
is reached. In the disease model, for example, the classification starts from
diabetic ketoacidosis until the disease concept (general concept) is reached (Fig-
ure 3.1).
• Combination method: This model combines the top-down method and the
bottom-up method. Ideally, one may optionally begin with the more general
concepts, especially the most prominent or salient concepts, thereby obtaining
top-level concepts. This can subsequently be followed with identification of
mid-level concepts that are relatively less prominent than top-level concepts,
finally identifying the least prominent or otherwise most specific concepts at the
bottom-level. The ontology hierarchy gradually takes shape with identification
of concepts that lie in and amongst the three levels which can randomly follow a
top-down or bottom-up method. For example, in building the disease ontology
(demonstrated in Figure 3.1), disease of mental health and disease of infectious
agent could be identified first as top-level concepts, then amyloidosis and Type 2
Diabetes (T2D) are identified as mid-level concepts; finally, gestational diabetes
and prediabetes syndrome identified as the most specific concepts. All the other
concepts are then added to the ontology hierarchical structure following either a
top-down or bottom-up procedure.
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Figure 3.1: An excerpt showing concepts hierarchically organized across the different
levels10.
5. Define the properties of classes. In the ontology development process, there are
two different types of properties: data properties and object property. This fifth step
of the ontology development process considers the data properties of the classes that
were defined in the previous step; object properties are discussed in the next step
(define the restriction of the classes). Therefore, the property term in this step refers
specifically to a data property. These properties are used to define the classes, and to
provide necessary and sufficient conditions for class membership [24, 220]. Usually,
the terms remaining from the define classes step (define the classes and the class
hierarchy) are regarded as the data properties, and are to be classified within their
10http://disease-ontology.org/
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particular classes. For example, name, ID, and address are properties that can be
used to describe the student class.
6. Define the restriction of the classes. There are two types of restriction that
are identified during this step. The first is the value type of the class, such as
string, number and boolean. The second is the relations between classes, which
would be either binary relations or semantic relations. The semantic relation is
defined as a “meaningful associations between two or more concepts, entities or sets
of entities” [130], such as objects and instances.
7. Created instances. The last step of the ontology development creates instances of
classes. This requires the following procedure: (1) choosing a class; (2) creating an
instance of the selected class; (3) filling the property values of this instance.
It should be noted that the process to create an ontology is not fixed. This means that
the order of the ontology development process is different for each situation; the order that
is followed above is the most appropriate for our case.
In order to develop an ontology, an ontology editor tool can be used. Protégé is a tool
that “allows users to visually manipulate, inspect, browse and code ontologies and support
in this way the ontology development and maintenance task” [123, 253], and is one of the
most widely used development platforms for ontology-based systems [134]. In this work,
the Protégé editor is used to develop the Barrier Ontology (Section 4.4). In addition to
Protégé, additional tools exist such as Pellet, RacerPro, FaCT++ and HermiT [111], which
support the OWL (Section 3.5.1) and RDF (Section 3.5.3) web semantic standards.
3.7 Ontology Evaluation
The ontology evaluation process serves developers, where it guides them to improve the
structure and the results of the ontology. An ontology’s evaluation is one of the most
controversial topics in the field of ontology. Many perspectives, techniques and methods of
ontology evaluation are presented in the literature; each view is suited to different ontologies,
depending on the type and purpose of the ontology. In this work, two different evaluations
approaches or techniques are applied to evaluate the Barrier Ontology: the data-driven
approach, and the competency questions (CQs) technique.
This section discusses different approaches to evaluate an ontology, focusing on the
data-driven approach and CQs technique, which are used to evaluate the Barrier Ontology.
Data-driven. Brewster et al. [38] proposes a data-driven (corpus-based) approach,
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which compares the given ontology with a data source (corpus) from the knowledge domain
of interest, in order to measure the degree of structural fit between them. Further details
about this approach and its use in the evaluation of an ontology are presented in Chapter 5
(Section 5.2) before using it to evaluate the Barrier Ontology.
Competency Questions (CQs). The CQs play an important role in both determining
the domain and scope of an ontology during the ontology’s creation, and in evaluating
the completeness and consistency of an ontology. Since ontology evaluation is the task
of assessing the ability of an ontology’s content to achieve its task or requirements, the
CQs can be applied to evaluate the ontology. The transformation of the CQs from natural
language to formal machine language (e.g. queries) is usually a manual process [274]. During
the evaluation process, the returned answers of the queries (which consist of concepts or
instances of ontology) must correctly match the natural language answer of the original
CQs [224].
Besides the two aforementioned approaches, there are other approaches that can be used
to evaluate an ontology. These approaches, which are briefly detailed below, are ‘Golden
Standard’, ‘Application-Based’, ‘Assessment by Human / Domain Experts’ and ‘Model
Publishing’.
Golden standard. Maedche and Staab [151] suggests an approach, known as “ontology
alignment or ontology mapping”, whereby the ontology to be evaluated is compared against
a “golden standard”, which may itself be an existing relevant ontology that has been created
using reliable knowledge and domain experts.
Application-Based Evaluation. Porzel and Malaka [208] give an application-based
approach to ontology evaluation, whereby the ontology is plugged into an application,
evaluating the resulting output.
Assessment by Humans or Domain Experts. Lozanotello and Gomez-Perez [148]
provide an approach where humans asses how well the ontology performs against a set of
predefined criteria, such as prescribed standards or legal requirements, etc.).
Ontology Publishing. Ontology publishing requires that a model of an ontology is
published in a formal language (e.g. OWL). This method allows validation [250] and peer
review of the ontology. One of the disadvantages of this technique is that it requires a
long time to execute completely. For this reason, this type of evaluation has been avoided
during this work, but it may be carried out in the future. More detail about this type of
evaluation is presented in Chapter 6 (Section 6.5) during discussion of future work.
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3.8 Ontologies in Behavioural Health
Before moving to the description of the process that we used to build the ontology in this
theses, we conclude the review chapter on ontologies with an analysis of existing ontologies
on behavioural change.
We have already discussed how the taxonomy on BCTs, as an example of a recent
cooperative effort to create observable and replicable interventions to influence behaviour and
health, with their hierarchical definitions and examples, is a step towards an ontology [165],
to support the aggregation of behaviour and behaviour change knowledge as well as sharing
and reusing useful sources of behaviour knowledge. We also observed that to our knowledge
there currently exists no publicly available conceptual classification that models barrier
to behaviour change. Having said that, several classifications (taxonomies and ontologies)
related to human behaviour exist in available literature. We now review some of these
classifications.
3.8.1 Behaviour Change Techniques as Hierarchical Taxonomy
Now that we have explained what ontologies are and how they are built, we can now go
back to the Behaviour Change Techniques taxonomy (BCT) [168, 171] and discuss it from
an ontology perspective.
The BCT was published in 2013 by Michie et al., [168] and has not yet been updated.
As explained in Chapter 2, it includes 93 techniques that are classified into 16 categories,
such as feedback and motivation [189]. The BCT is still in its early stages, and currently
includes a defined domain and scope, controlled vocabularies or terms, and relations among
the concepts or vocabularies. The authors foresee a progress in BCT towards building
a behaviour change ontology, “specifying relations between BCTs, mechanisms of action,
modes of delivery, populations, settings and types of behaviour” [165, 189]. The components
of BCT (mechanisms of action, delivery, populations, settings and others) are discussed in
detail in Section 2.3.1.
The BCT taxonomy is therefore the most prominent and notable work towards the
aggregating and sharing of the behaviour domain knowledge base, hence towards the
realisation of an ontology of concepts related to behaviour change and maintenance. It
encompasses physical activity behaviour, diet behaviours, smoking cessation, and changing
professional behaviour. The BCT can be (and is anticipated to be) extended and updated
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Figure 3.2: A partial view of BCT Taxonomies.
support or to link other hierarchically structured taxonomies or controlled vocabularies.
Examples of the techniques included in the taxonomy are ‘review behaviour goal’, ‘goal
setting (outcome)’ and ‘demonstration of the behaviour’. Figure 3.2 shows examples of
interventions in the BCT taxonomy (partial view) [168, 171].
The BCT is not presented as an independent component, but is included within a
machine-processable model (ontology) for behaviour change interventions (Figure 2.4), as
mentioned during the discussion of intervention components. As noted above, the BCT,
which refers to the intervention in the ontology model, is associated with the behaviour
component, that is the targeted behaviour in the intervention’s characteristics, via the
mechanisms of the action component. Each component of this ontology model is presented
in its own ontology or taxonomy. This causal model presents a structure mechanism,
providing a better understanding about behaviours and the behaviour change domain, for
example how the mechanism of relations among components work and associate. The
components and relationships enable a strategy to extend to other related ontologies or
taxonomies. This model with clear definitions, labels, and examples of BCT, is therefore
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an important starting point to those interested in developing an ontology in this domain.
3.8.2 Human Behaviour Taxonomy
Another important effort to mention is the human behaviour taxonomy from the World
Health Organisation (WHO) [140, 199]. These taxonomies of human behaviour have been
developed based on the knowledge of the WHO and on the International Classification
of Functioning (ICF), Disability, and Health. These taxonomies include a full definition
of their classes, based heavily on the U.S. National Cancer Institute (NCI) Thesaurus, as
well as the Oxford English Dictionary [268]. Figure (3.3) shows a part of the behaviour
ontology’s taxonomy [140], though due to the complexity of the subject matter there is
currently no complete ontology capturing all aspects of human behaviour.
3.8.3 Semantic Mining of Activity, Social and Health Data
Another computational effort in capturing human behaviour is the Semantic Mining of
Activity, Social and Health Data (SMASH) [206]. This is a deep-learning project which looks
to provide predictions on human behaviour, as well as explanations for the predictions, and
is based on an Ontology Restricted Boltzmann Machine [265]: a bottom-up algorithm learns
user representation from health ontologies, using the user representation to incorporate
self-motivation, social influences, and environmental events into the generation of prediction
(and explanation of prediction) of human behaviour. The predictions, which model human
behaviour, are dependent on social networks, such as self-motivation, social influences, and
environmental events. Self-motivation is learned or captured from history and from existing
characteristics of the user. The social influences include users’ friends and social networks.
The environment events are identified through users’ social relationships, unacquainted
users and social contexts [49]. The explanations of the predictions are useful to increase
the reliability of the intervention in changing a specific behaviour. For example, physical
activity behaviours such as walking and running are included into SMASH as a type of
intervention, with measurements from a device taken every 15 minutes, in order to report
the number of walking and running steps.
3.8.4 The Neurobehavior Ontology
The Neurobehavior Ontology (NBO) [89] is an ontology on the domain of Behavioural
processes and phenotypes, which are related to behaviour and behaviour change [227].
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Human Behaviour Taxonomy
























Figure 3.3: Partial view from Human Behaviour Taxonomy [140, 199].
The NBO includes two main components: (1) behavioural processes ontology, and (2)
behavioural-phenotypes ontology. The first component of the NBO, the largest, classifies
the behaviour process to complement and extend the Gene Ontology (GO), “a major
bioinformatics initiative to unify the representation of gene and gene product attributes
across all species” [54]. The second component of the NBO classifies normal and abnormal
behaviour of organisms. The NBO is extended to include not only the GO, but also other
ontologies, such as Uberon, an ontology of anatomical structures in animals11, by using the
relation of by-means. The ‘motivation behaviour’ and ‘social behaviour’ in NBO classes
11http://uberon.github.io/
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further classify into avoidance behaviour, thirst motivation behaviour and thermoregulation,
etc., agonistic behaviour, communication behaviour and group behaviour, etc., all of which
are examples of behavioural process classes [89]. Applications of NBO cover both human
behaviour and that of some animals, and it includes 671 classes, 19 individual and 61
priorities. It is freely available for download and use from the BioPortal repository, and
regarded as reliable to use [189].
3.8.5 Health Behaviour Change Ontology
The Health Behaviour Change Ontology (HBCO) is one of the closest ontologies to our
efforts, and it was built for a project aiming to establish an automated dialogue between
a psychologist and a user to provide behavioural counselling [32]. The HBCO ontology
has strengthened the linkage between theoretical and practical parts, but few practical
implementations exist [241], meaning there is currently no solution to provide a reusable
behaviour change ontology. Developed for use in delivering an automated counselling
session, this ontology is based on social cognitive theory [20] and the Transtheoretical Model
(TTM) we describe in Section 2.2.2, yet we note that the relations between the stages of
change in TTM are not indicated in the HBCO. The HBCO therefore models the mental
state and emotion of the user, by integration with related behaviour ontologies [128]. The
knowledge base of HBCO is acquired from the concept’s review of behavioural medicine, and
from human experts in areas such as psychology, behavioural medicine, and computerised
interventions. The ontology is created in the Protégé editor using OWL. The overall structure
of health behaviour in this ontology uses three dialogue-level structures: counselling dialogue,
motivational interviewing dialogue, and social cognitive counselling dialogue. Each of these
dialogue-level level structures is then classified further into sub-structures. For example,
counselling dialogue is classified into social rituals, review tasks, assign tasks, and so on.
This ontology can be reused to provide behaviour change advice, to prompt a user to engage
in a particular activity. For example, the user may choose their preferred type of exercise
(e.g. walking) and then enhance the exercise by means of an intervention, such as signing
up for a walking club, or thinking about the value and benefit of regular walks.
3.8.6 User Modelling Ontologies
As our conceptualisation must refer to the model of the person for whom the behavioural
change techniques need to apply, it is useful to explore the ontologies which explicitly models
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a "user", in terms of their profile, characteristics, and sometimes also their behaviour. One
example of a user ontology is the General User Model Ontology (GUMO) [105], which we
will also import in our ontology, and which therefore will be further discussed in Section 4.3.3.
Beside the GUMO, there exists several other ontologies that encapsulate wider aspects of
user (human) activities. One of these, which is in fact a GUMO extension, is the User
Navigation Ontology (UNO) [132], which constrains user-modelling to just a single activity
which is Navigation and wayfinding. Another user profile ontology is OntoPIM (Ontology
Personal Information Management), which describes various users’ dimensions and shares
a lot of concepts with GUMO [153]. OntoPIM describes the user’s domain of interest
covering user characteristics such as personal information, general user characteristics, user
abilities, preferences (i.e. abstract likes/dislikes), interests, activities and profession, which
are rather static information. It is to be noted that GUMO remains the ontology of choice
for many reasons, mainly because of its fluidity when exchanging user model data across
different user-adaptive systems [106], and because it adopts a global semantic web language
OWL [63].
3.8.7 Ontologies of Physical Activity Behaviour and Exercises
Finally, in order to address the specific domain of choice, that is physical activity behaviour,
we need to mention some behaviour ontologies related to the physical activity or exercise
domain, in particular the Exercise Ontology [209] and the Ontology of Physical Exercises12.
The former was built to support a recommendation system that suggests physical activities
to diabetic patients using data such as weight and height. This ontology however only
models exercise and neglects to model more general physical activities, such as daily house
chores. In addition, the authors of this ontology did not provide a public resource for
downloading the ontology. The ontology of physical exercises [209] on the other hand,
maps exercises to their expected health outcomes [72]. Another example of an ontology
which comprehensively covers physical activities is the Physical Activity ontology13, which
captures exercise and non-exercise activities. We re-use the physical activity ontology in
our work to model physical activity concept, as discussed in Section 4.3.3.
None of the aforementioned works however cater for the actual challenges faced by
users who have endeavoured to employ the intrinsic behaviour strategies they entail. That
12http://bioportal.bioontology.org/ontologies/OPE/?p=summary
13http://bioportal.bioontology.org/ontologies/SMASH?p=classes&conceptid=root
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is to say that the works that we have reviewed all assume that the user is completely
compliant with the advice given and that they face no issue in carrying out the tasks advised.
Management of these challenges and barriers is crucial for users attempting to change,
rehabilitate or maintain their behaviour. It is this challenge that motivates and inspires
the work covered in this thesis. The main objective is to develop a classification (ontology)
that would enhance real-word employment of behavioural techniques stipulated in such
classifications. In addition, we also look to enrich the knowledge base of human behavioural
challenges, which is potentially useful for other researchers and health behaviour therapists.
3.9 Summary
The emphasis in this chapter is to exhaustively discuss what an ontology is, the components
it entails, and different techniques of evaluating an ontology. The chapter began with
definitions of an ontology as perceived by the both the Philosophy and computer science
domains. Key ontology components are broken down describing their significance in ontology
modelling, these include concepts, relations and instances, followed by a discussion on the
types and different ways of representing an ontology. A detailed description of the widely
adopted "Ontology Development 101" methodology is included in this chapter. Finally,
the chapter reviews many existing ontologies with a keen focus on behaviour change and
behaviour change maintenance. The contents of this chapter form therefore the basis for not
only understanding the research questions related to this thesis, but also for understanding
the motivations behind the structure of the Barrier Ontology.
We are now ready to move to the description of the methods used in constructing the
Barrier Ontology (Chapter 4), main contribution of this thesis.
Chapter 4
The Barrier Ontology Method and
Development Process
4.1 Introduction
Chapter 3 discussed the areas of ontology (definition, components, types, development
process and evaluation) that are relevant to building the Barrier Ontology. Chapter 3 also
reviewed various existing ontologies pertaining to behaviour.
This chapter illustrates the development process of the Barrier Ontology. The chapter
starts by discussing both functional and non-functional requirements of the ontology in
the context of T2D, before presenting the conceptual barrier model (Section 4.3), and then
concluding with an extended sequential development process (Section 4.4) of the Barrier
Ontology. The chapter addresses the main thesis research question: “How can we use
ontologies to formalise the notion of barriers to behaviour change and their underlying
assumptions in a machine-readable format to support health informatics applications?”,
which is framed by four sub-questions: (a) “How can we build an ontology of “barriers to
physical activity for T2D patients?” ; (b) “How can we demonstrate the use of a formal
methodology, including the notion of ontology reuse, to objectively support the Barrier
Ontology?” ; (c) “How can we use the Barrier Ontology to produce suitable recommendations
of physical activities which take into account barriers to such physical activity from T2D
patients?” ; (d) “How can we evaluate our methodology, and offer general suggestions for
ontology developers?”.
We answer sub-question (a) in two stages; stage 1 (domain and scoping, systematic review
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and barrier concept) (Section 4.3) justifies the selection of a specific behaviour (physical
activity) and demographic group (T2D patients) as well as determine the terms related
to these domains; stage 2, which is the development process of the Barrier Ontology (the
steps which decide the domain and scope of the Barrier Ontology, which considers reusing
existing ontologies, and which define the classes, the class hierarchy and the properties
describing these classes) (Section 4.4) constructs the Barrier Ontology using concepts and
relations gathered from stage 1.
In order to answer sub-question (b), we conduct an analysis of existing ontologies in
order to determine the reuse of existing models (physical activity, human disease, user and
Behaviour Change Techniques) in Section 4.3.3, and selecting the existing concepts to reuse
(e.g. user or patient, physical activity and disease). We develop our ontology following the
101 ontology development process (Section 4.4), which incorporates the re-use of existing
ontologies.
In order to answer sub-question (c), we define two main relations during the scope-
definition (Section 4.3.1) and term-collection (Section 4.3.2) stages of the ontology, these are
prevents and isSuggestedFor (these are inverse of each other) (Section 4.3.4). Both relate
the physical activity concept and the barrier concept, however the latter inherently depicts
that a given physical activity is suitable in limiting a given barrier, thereby answering
sub-question (c).
The answer to sub-question (d) will be discussed in a dedicated Chapter 5.
4.2 Requirements
According to [244], the ontology requirements specification should state why the ontology is
being built, what its intended uses are, who the end-users are, and which requirements the
ontology should fulfil. With this in mind, we can say the following about the requirements
for the Barrier Ontology: The Barrier Ontology aims to create a conceptual barrier model
(Barrier Ontology) to support health behaviour applications, such as Behaviour Change
Technique (BCT). There is currently no barrier ontology or hierarchical taxonomy to
support behavioural knowledge extraction, despite barriers being mentioned by different
studies (Section 2.5).
In order to contextualize, investigate, and define the problem, a particular scenario was
selected, i.e. barriers to physical activity behaviour. Regular physical activity not only
improves the general health of the general public, but also aids in the effective management
46 Yousef Alfaifi
of some common diseases, such as T2D. We therefore looked to identify a chronic disease
that is both prevalent worldwide [15] and can also be effectively managed by regular physical
activity. So our focus is on physical activity behaviour for patients with T2D. T2D has a
significant impact on the patient’s lifestyle, but can be managed, among other things, by a
healthy physical activity regime.
The importance of regular physical activity is perhaps not what people naturally
associate with effective management of T2D (where insulin and diet immediately come
to mind), hence it is likely to be a potential source of barriers. This is discussed in more
detail in Section 4.3.1. The ontology aims to model the knowledge used by a decision
support system whose intended end-users are patients with T2D, their healthcare providers
(e.g. doctor, nurse, or psychologist), and interested researchers in the fields of health
and behaviour and that exploits the relationships existing between barriers, activities and
patients/users
The four main functional requirements of the Barrier Ontology are: (1) to identify the
barriers, based on user’s characteristic (e.g. personal information, such as employment
status), including circumstances that may prevent the user from performance of physical
activity (e.g. environmental condition such as weather and facilities, and social conditions
such as social relations and support); (2) to recognise barriers that prevent performance of
a specific type of activity; (3) to suggest physical activities to limit identified barriers; (4) to
retrieve the list of smaller specific barriers that inherently belong to the six main categories.
We formulate four templates of competency questions (CQs) (Section 3.6), to fulfil the
four requirements of the Barrier Ontology. Each template contains four different competency
questions, and each of these inherently satisfies the template’s corresponding functional
requirement. Table 4.1 contains a sample of the mapping of competency questions to
functional requirements. Additionally, Chapter 5 contains an expanded version of this table
(Table 5.2); this includes other components that were relevant in evaluation of the ontology,
such as questions responded to by domain experts in an online survey used in the evaluation
described in Chapter 5.
Table 4.1: A sample of the mapping of competency questions to functional requirements.
Functional requirement To recognise barriers that prevent performance of a spe-
cific type of activity.
Continued on next page
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Table 4.1 – Continued from previous page
Template 3 CQ 3.1: What are the barriers that prevent or limit peo-
ple from performing ‘Football’, despite being interested
in this activity?
CQ 3.2: What are the barriers that prevent or limit peo-
ple from performing ‘Swimming’, despite being interested
in this activity?
Functional requirement To suggest activities to limit identified barriers.
Template 4 CQ 4.1: What physical activity is suggested for the bad
weather condition (‘Raining’) barrier?
CQ 4.2: What physical activity is suggested for the
‘Financial problem’ barrier?
Other non-functional requirements that we seek to fulfil in the Barrier Ontology include
building an ontology that is reusable and extendable [244]. (Section 5.3.2) by running
different queries (CQs) and retrieving results which contained no consistency among barrier’
classes. We therefore want to ensure that the Barrier Ontology is suitable for reuse in
different domains. This would allow the future reuse or importing of the Barrier Ontology
and for the encompassing of more terms, concepts, and relations, or to include additional
behaviours, such as nutrition behaviour.
4.3 Conceptual Barrier Model
We have already discussed the BCT taxonomy as an ongoing collaborative efforts to create
a behaviour ontology to support behaviour change, but we note here again the main
concepts as we move to the realisation of the ontology. Different barriers prevent Behaviour
Change Techniques from achieving successful behaviour change and maintenance [171].
These barriers can be defined as “perceptions concerning the unavailability, inconvenience,
expense, difficulty, or time consuming nature of a particular action” [157, 204]. Examples
of these barriers are personal barriers [75], health barriers, environmental barriers, and
psychological barriers [198]. A conceptual model of barrier and behaviour must effectively
support software applications in selecting effective interventions to influence.
A high level such model is depicted in Figure 4.1: this model reflects the rationale of
the earlier introduced requirements, while simultaneously incorporating prior knowledge of
behaviour and behaviour change, as discussed in Chapter 2. In the following sections we
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Figure 4.1: A high-level conceptual model of barriers to physical activity behaviour for
T2D patients.
4.3.1 Domain and Scoping
As discussed in Section 4.2, we have selected physical activity behaviour for T2D patient as
a specific scenario to focus our discussion.
T2D is the most common type of diabetes, accounting for about 95% of cases [16]. T2D
occurs when the pancreas cannot function, or cannot produce enough insulin, which helps
the body’s organs to absorb glucose from the blood. The number of people living with
T2D has increased dramatically from 108 million in 1980 to 422 million in 2014 [200]. This
number is expected to reach 552 million in 2030 [235] and 592 million in 2035 [109].
More than two million deaths occur each year as a result of diabetes and its associated
complications [200], such as nerve damage (neuropathy) and kidney damage (nephropathy).
Annually, diabetes management costs about 10% of the entire health budget. This is
estimated to reach 17% of the health budget in 2035 as reported by [109].
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There are different types of diabetes which include, type 1 diabetes, T2D, gestational
diabetes, mellitus and monogenic diabetes syndromes [16, 200]. These different types are
less common, so are not discussed as they are outside of the research domain.
T2D, also known as ‘non-insulin-dependent diabetes’, causes any insulin present to be
used inefficiently or causes the body’s cells to inadequately absorb insulin [16, 200]. This
means that there is insulin present, but it is ineffective. The physical activity supports in
activating this insulin, and absorption of it, by the cells of the body. It follows therefore
that an inactive diabetic patient (who partakes in little or no regular physical activity) is
more prone to diabetic complications in the future. Beside regular physical activity, several
other vitally important healthy behaviours include healthy nutrition and smoking cessation,
which supplement medicating the condition with insulin injections or tablets.
Physical activity defined as “any bodily movement produced by skeletal muscles that
lead to energy expenditure” [45]. Consequently, the physical activity not only includes the
exercise behaviour type but also includes normal daily activity behaviours, such as home
activities (e.g. cleaning and sweeping, climbing up stairs, walking the dog, etc.). Examples
of physical activity include athletic sports (e.g. soccer, basketball, and boxing), aerobic
exercise (e.g. running and walking), and occupational activity (e.g. lawn and garden,
plumbing, and masonry) [2].
Different barriers limit engagement or participation in physical activities, more so regular
physical activity [22, 25, 75], and we attempted to capture them through a systematic
review exercise described in what follows.
4.3.2 Systematic Review
To our knowledge, there is an unavailability of models conceptualizing our pre-determined
concepts, particularly the barrier concept. This is affirmed through a scoping review (of
material that dates back to 1999) of prolific online research repositories such as Google
Scholar, ACM Digital Library, PubMed and IEEE-xplore, as well as ontology repositories like
BioPortal1, and the Open Biomedical Ontology (OBO) Foundry2. It was plausible that prior
literature might have some information about barriers to physical activities necessary for this
work. We therefore conducted an extensive systematic review to not only acquire barriers’
vocabularies or terms, but also to search and find physical activities suitable in limiting




the terms to form a hierarchical structure that would drive the ontology construction
(Section 4.3.3).
Method. Six electronic databases were used to identify relevant studies across the be-
havioural science and health fields: IEEE-Xplore, PubMed Database, Google Scholar
(first 15 pages of search results), PsycInfo database, and ACM Digital Library. The search
was limited to fetch papers and articles published after 1 January 1999. We believe that
this is a sufficient time-frame on which to carry out the systematic scoping review of barrier
terms or vocabularies.
Combinations of the following keywords were used to query the repositories: ‘barrier’
or ‘obstacle’, ‘physical activity’ or ‘exercise’, and ‘T2D’ or ‘diabetes’. The results of the
queries contained relevant studies for further review. We now give two examples that show
how we combine these keywords to identify and retrieve relevant articles. The first example
searches with the keywords ‘Barrier’, ‘physical activity’ and ‘T2D’ in the search engine of
ACM Digital Library; the result contains 59 retrieved studies. The second example swaps
‘barrier’, which is the most common term used in the literature, with ‘obstacle’, in order
to capture studies that use ‘obstacle’ instead of ‘barrier’. This query returned 13 studies.
After removing the duplicates or studies that co-exist across the results from these different
search methods, 62 studies are retained. Figure 4.2 shows a flow chart of the study retrieval
process obtaining the final result after removing duplicates from the two queries. The other
electronic-databases are queried using the same process detailed in Figure 4.2.
Criteria for excluding studies. We exclude studies that meet one or more of the
following criteria: (1) barriers to another health behaviour (e.g. nutrition); (2) barriers
to physical activity for another disease (such as type 1 diabetes); (3) publications in a
language other than English; (4) publications dated before 1999; (5) Early access articles
or unpublished studies; and partial studies.
Finding. From 862 identified studies whose title and abstract were each reviewed, we
remove duplicates and retain 794 studies for reviewing and screening. 753 studies are
excluded because they do not match the selected domain and range of our study. For
example, studies narrating barriers for different health behaviours (e.g. nutrition), and
studies narrating barriers to physical activity for different diseases (such as cancer). 41 studies
are then eligible for screening. During screening, we search for studies that jointly discuss
T2D and physical activities. Therefore, 22 studies are rejected: 17 studies [17, 52, 103, 133,
Chapter 4. The Barrier Ontology Method and Development Process 51
144, 150, 174, 182, 185, 207, 229, 236, 246, 248, 249, 255, 257] do not focus on barriers to
physical activity and 5 studies [46, 73, 183, 201, 232] do not focus on T2D. This results in 19
studies [12, 22, 25, 29, 34, 70, 74, 75, 108, 136, 137, 142, 143, 157, 159, 172, 203, 237, 240]
that meet the inclusion criteria (inclusion within the scoping review). These criteria are
demonstrated in Figure 4.2.
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Figure 4.2: A flow-chart illustration of the Systematic Review.
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Scoping Review. The systematic scoping review explores the identification of barriers
to a specific behaviour (physical activity) for a specific demographic group (patients with
T2D).
Results. Completion of the systematic review resulted into establishing a set of concepts
and relations that were eligible for inclusion in our proposed ontology. Tables A.1, A.2
and A.3, in Appendix A, summarise the key results of this review. Table A.1, contains the
discovered classifications that depict how the barriers would be hierarchically organised
within the ontology. Table A.2 mainly reveals the barriers as discovered in the final reviewed
studies, with instances in each row signifying a prevents relation between the identified
barrier (Barrier column) and the corresponding physical activity (Physical Activity column).
More specifically, barriers in the Barrier column were found to prevent activities in the
“Physical Activity” column. Finally, Table A.3 shows instances as part of an isSuggestedFor
relation (inverse relation of prevents). In other words, activities in Physical activity column
were found to limit the effects of corresponding barriers in the barrier column.
Across all three tables is a “Source Quotation” column, in which we placed evidential
quotes from a referenced study in support of the identified relations (Tables A.2 and A.3)
and identified classifications (Table A.1) between the first and second column values. We
give a deeper analysis of the tables in the following.
Table A.1 highlights and classifies the identified barriers. The identified barriers within
the “Barrier” column are sub-classes of the classifications within the “Barrier Classification”
column. To the right of the “Classification Barrier” column is the “Source Quotation”
column, which contains a quote extracted from a referenced study as evidence to support
the asserted classification.
The six main barrier classifications identified from the systematic review are: health,
physical, personal, environmental, social and psychological barriers. In order to classify the
identified barrier into one of the six barrier classifications, we use at least one reference.
Examples to enhance readability of the table contents include, (1) “bad weather condition
(e.g. cold)” which is classified as an environmental barrier [12, 22], (2) “feeling stressed
or anxious” is classified as psychological barriers in [70, 240], (3) “lack of time” or “time
restriction” is at different times classified as a personal barrier [12, 25] and an environmental
barrier in [74]. We adopt the most commonly used classification for the “lackOfTime”
barrier, which is personal barrier [12, 25].
For some of the barriers, for instance ‘obesity’ or ‘overweight’ [108] and ‘body image’ [203],
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we could not find in the systematic review a reliable classification. For these, we relied
on the evaluation study we detail in Chapter 5 (Section 5.3), by gathering domain expert
opinions.
This classification process enabled us to build the hierarchical taxonomy of the Barrier
Ontology, in Section 4.3.3.
Based on Table A.1, there are some individual barriers (“Barrier/ Classification” column
of Table A.2) that can further be classified into sub barriers. For example, weather condition
has been used as a barrier by [240] to embody different weather patterns, such as cold,
hot [240] and rain [34]. In other scenarios, authors have explicitly mentioned factors
indicate the presence of particular barriers, for example family obligations [172], children
restrictions [75], and job commitments [108] were stated to indicate lack of time barrier.
Table A.2 contains identified barriers (barrier classifications and instances of these
classifications), activities prevented by the barriers i.e. asserting a prevents relation, and
proof of this asserted relation (quotes from sources annotated from the studies). An example
to help in interpreting the table contents is row 3: Weather conditions (cold, hot, icy,
raining) are barriers which prevent “Outdoor” activities (walking, cycling, jogging); (Misoon
et al., 2009). “The data were collected during the middle of winter when the weather is
particularly cold in Korea, making it difficult to exercise outdoors” [240].
The most common barriers within the studies include bad weather [25, 108] or climatic
condition [142], and time restriction [25, 143] or lack of time [75]. While barriers such as
stress [25] and chest pain (e.g. breathing problems) [108, 159], are the least mentioned
barriers.
Table A.3 captures activities suitable for managing or limiting barriers, specifically
the inverse relation (isSuggestionFor) of the relation captured in Table A.2 (prevents).
Activities under the “Alternative Suitable Physical Activities” column are discovered or
suggested as a mechanism to limit the barriers in the activity column. An example to help
interpret table contents is row 2: Indoor activities are suggested activities for Weather
conditions barriers (hot and cold). (Misoon et al., 2010) “Secondly, exercises that can be
performed easily indoors should also be introduced as an alternative to outdoor exercise
when it is too cold or hot” [240].
Conclusion. The systematic review, summarised in Table A.1, Table A.2 and Table A.3
not only contributes towards a fundamental part of this thesis, but also supports health
workers to concurrently identify and classify barriers to behaviour. Although a few system-
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atic reviews identify a barrier to physical activity for T2D, most reviews simply cite barrier
identifications. Classification of barriers into similar groups supports a better understanding
of the barrier behaviour domain; this essentially tries to address them collectively in groups
instead of dealing with each single type of barrier independently. For example, a health
barrier can be handled by health domain experts, while psychological barriers can be
handled by health psychologists. Likewise, environmental barrier can be discussed with the
responsible authorities (e.g. City Council).
4.3.3 Concepts of the Barrier Model
Section 4.2 defined the functional and non-functional requirements of the Barrier Ontology,
and the systematic review (Section 4.3.2) allowed us to model the barrier concept by
obtaining the barriers’ terms and classifications; it allowed us to gain further understanding
of the barrier domain by helping us to discover other related barrier concepts, and their
relations, in order to limit these identified barriers. Therefore this model also includes the
concepts that are needed not only to identify the barriers but also to suggest alternative
activities to limit the barriers to physical activity behaviour for T2D. These concepts
are: user (patient), physical activity, human disease (disease and current condition), BCT,
stage of change, and belief. The person, physical activity, human disease (disease and
current condition) and BCT concepts are all existing concepts that are imported into the
model, which are clearly distinguished with a green background in Figure 4.1, whereas
stage of change and belief concepts are built upon specific behaviour models. Each of
these concepts is represented as a module that can be further specified individually. In
other words, each concept classifies into self-contained modules that contain further details.
This conceptual model is based on different research areas, such as e-health, psychological
behaviour and physical activity. The concepts of the model are created and designed based
on health-related behaviour theories and models. Each model concept and the relation
among these concepts are discussed in detail below, starting with the related concepts. It
is important to distinguish the notion of an individual concept from the conceptual barrier
model; the concepts are each sub-elements of the Barrier Ontology this thesis proposes. We
now describe how each concept has been created.
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Barrier Concept
The barrier concept models the barrier to physical activity. As previously mentioned in
Section 4.3.2, the six most common barrier categories, based on the systematic review are:
health, physical, environmental, psychological, and personal. It’s noteworthy to mention
that, not all were simultaneously used in a single particular study, but that they were found
across many studies. Health barriers pertain to the presence of a disease or condition,
either temporary or permanent in nature; physical barriers pertain to the presence of a
disability or temporary injury which affects physical capability; environmental barriers
pertain to any natural environmental condition (e.g. weather) or any other factors affecting
the environment (e.g. availability of local facilities or how safe an area is perceived);
psychological Barriers pertain to a mental state or attitude of the person; and finally,
personal barriers, related to all other aspects of the person’s life, e.g. lack of free time, lack
of support etc. Figure 4.3 presents the hierarchical classification or taxonomies of the six
main barriers to physical activity based on the systematic review (Table A.1). Due to the
difficulty of displaying the barrier’s taxonomies (clearly) in one figure, each main barrier
is independently (Figures 4.4, 4.5, 4.6, 4.7, 4.8 and 4.9) illustrated to clearly display its
classification decomposition or hierarchy. This barrier’s taxonomies are transformed into
an ontology in Section 4.4, in order to create the barrier concept within our conceptual
barrier model.
Physical Activity Concept
In order to model or present the physical activity concept in the conceptual barrier model,
the existing physical activity ontology3 (Figure 4.10) is imported. The physical activity
ontology aims not only to decide the type of activities that are prevented by the identified
barriers, but also to suggest the suitable alternative types of physical activity to limit these
identified barriers.
The physical activity ontology is imported from the National Centre For Biomedical
Ontology (NCBO) BioPortal Ontologies4, one of the most widely used ontology repositories
for health applications. This ontology is open-source and free to use. It includes 29
classes, 37 object properties and 243 axiom (e.g. data properties to define classes). This













Figure 4.3: Main barriers’ classifications.
Health Barrier









Figure 4.4: Hierarchical Health barrier classification (a continuation from Figure 4.3).









Crime or gang activity
Poor street lighting
Lack of neighbourhood safety
lack of safe places
Unleashed dogs
Unsafe walking
Facilities and equipment cost
Lack of facility or equipment
Lack of bike paths
Lack of gym
Lack of parks
Lack of swimming pool







Figure 4.5: Hierarchical Environmental barrier classification (a continuation from Fig. 4.3).
Personal Barrier
Lack of knowledge
Lack of physician advise












Take care of grand children












Figure 4.7: Hierarchical Physical barrier classification (a continuation from Figure 4.3).
Psychological Barrier
Lack of self-efficacy Lack of confidence
Feeling depressed
Feeling stressed or anxious
Figure 4.8: Hierarchical Psychological barrier classification (a continuation from Figure 4.3).
Social Barrier
Lack of support and motivation
Lack of family support
Lack of partner support
Cultural norms
Embarrassment
Figure 4.9: Hierarchical Social barrier classification (a continuation from Figure 4.3).
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classifies into three main categories: aerobic exercise, anaerobic exercise, and flexibility













Figure 4.10: Hierarchical classification of physical activity ontology (partial view).
The physical activity ontology is an expandable ontology, so the physical activity ontology
is extended to include more types of physical activity, based on specialized studies such as
the Compendium of Physical Activities5 [2], to better meet the conceptual model’s objective
of finding an appropriate physical activity based on identified barriers. For example, home
activities such as cleaning, household tasks and carrying things upstairs are added to the
physical activity ontology, in order to limit environmental barriers such as bad weather
condition (e.g. cold or hot) [240]. Additionally, by referring to the Compendium of Physical
Activities, the Anaerobic Exercise (Weight Lifting) and Flexibility Exercise (Stretching
and Yoga) instances from the physical activity ontology are merged into one, known as
Conditioning Exercise. Figure 4.10 shows classification of some physical activities, based
on extension of the physical activity ontology and study of the Compendium of Physical
activities.
Other ontologies, related to exercises (not daily activities) are exercise ontology and the
ontology of physical exercises which are discussed in Section 3.8.7. Based upon our review
of ontologies from common ontology repositories, we can conclude that the physical activity
ontology from BioPortal is the only existing ontology that met the conceptual model’s




The human disease concept is aimed at not only identifying more health (diseases) barriers,
but also for identifying more psychological barriers such as ‘anxiety’. So, the existing
disease ontology6 is imported into the barrier model to achieve the human disease concept’s
goals, rather than creating one from the scratch. The disease ontology looks to present
each type of health disease (barrier) based on etiological classification and to annotate
biomedical data across different biomedical resources, such as NCI, the NCI thesaurus
(NCIt), MeSH (which is extracted from the Unified Medical Language System (UMLS)
with mapping to SNOMED CT), and the International Classification of Diseases (ICD) of
the WHO [205]. Consequently, the number of diseases identified has now risen to 46,000,
along with increased amounts of medical terms and the capability to share knowledge with
other resources [131, 230].
The disease ontology presents both physical diseases, and mental (psychological) health
conditions [189], which classify as a type of disease. The domain of this ontology is disease,
and the ontology categorises into eight main groups: disease by infectious agent, disease
of anatomical entity, disease of cellular proliferation, disease of mental health, disease of
metabolism, genetic disease, physical disorder, and syndrome (Figure 4.11). Each group
includes further classification to provide a clear definition for each of their diseases. For
example, the ‘disease of metabolism’ group classifies into acquired metabolic disease and
inherited metabolic disease; the acquired metabolic disease classifies into amyloidosis,
carbohydrate metabolism disease, and so on, until the condition of T2D is reached, as
demonstrated in Figure 4.11. The disease ontology is open-source and free to download
from two different ontology repositories: the BioPortal7, and the Open Biomedical Ontology
(OBO) Foundry8. The disease ontology is designed using OWL, and is considered a well
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Disease
















Figure 4.11: Partial view from the disease ontology (identifying T2D as a disease)9.
The human disease ontology updated version (1.2) that is imported into the Barrier
Ontology was released on 18/04/2019 (Section 4.4 (step of import existing ontology)). It
includes a 13285 Class count, 13 object property count, and 138704 axioms. So, the fact
that we can summarize the updated version by identifying both health and mental disease
and as well integrate disease ontology with a different source, such as NCI, essentially backs
9http://disease-ontology.org/
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up or rather supports our choice to import the disease ontology into the Barrier Ontology.
Other examples of disease ontology are the ICD of the WHO [205] and human phenotype
ontology [135].
Figure 4.13 demonstrates part of modelling activities in the physical activity ontology,
imported into to the conceptual model using the Protégé 5.0.0 ontology editor (Section 4.4).
General User Model Ontology
The General User Model Ontology (GUMO) aims to model ideas, entities, and relations
that are primarily related to the system user, or the patient. In order to present the user
concept, the existing ontology of General User Model Ontology (GUMO) [105] is imported
into the conceptual barrier model. The GUMO is based on User Models (UMs), which aim
to facilitate the reuse of user modelling data, requiring semantics to enrich the ontology
representation. User Models were first discussed, in 1990 [125] and were later developed
in 2003 [27, 219]. In the conceptual barrier model, the GUMO is utilised to model the
patient concept, which includes characteristics modelled as sub-classes. These include:
personality, patient profile such as name, contact information, patient record number or ID
number, job/employment status, address, and date of birth. Some of the patient’s terms
are further classified into sub-concepts (e.g. patient address).
Conceptually, the GUMO is designed based on the USERML approach [104, 105], which
divides user model dimensions into three main parts of situational statements which are
auxiliary, predicate and range or probability. For example if the patient is interested in a
particular type of psychical activity (e.g. running), the auxiliary is the relation (hasInterest),
the predicate is the activity type (running), and the range is the activity intensity (huge,
moderate or low). As a result of a massive group of auxiliaries, predicates and ranges, the
authors realised that everything would potentially be modelled as a predicate for auxiliary
names; hasInterest and hasKnowledge. They therefore suggested a solution to only identify
basic user model dimensions.
In our conceptual barrier model, we adopt GUMO to meets our requirements. Utilizing
published work from studies [105–107], we study the representation of the various user
dimension models and build an ontology that largely imitates GUMO. Despite its online
unavailability (with several failed/corrupted domains and links to the complete ontology







































































































































































































such as10 and11 [105]), we compile information from the above mentioned sources under each
of the listed modelled basic user dimensions. For example Section 5.2.2.3 in [107] indicates
that Mood (a basic user dimension) can be good or bad or Mehrabian Temperament Space
(Exuberant, Dependant, Relaxed, Docile, Bored, Disdainful, Anxious and Hostile). The
GUMO, which is based on the Barrier Ontology’s requirements, includes 211 classes and 646
axioms. Figure 4.12 also illustrates a basic GUMO concept. Figure 4.1 demonstrates how
the GUMO links to stage of change (Section 4.3.3) and belief (Section 4.3.3) concepts
through hasStageOfChange and hasBelief relations, respectively.
There exists several other ontologies that encapsulate wider aspects of User (human)
activities i.e. better referred to as User Modelling Ontologies. Nevertheless, GUMO
stands out mainly because of its fluidity when exchanging user model data across different
user-adaptive systems [106], because it adopts a global semantic web language OWL [63].
Additionally, other GUMO extensions such as User Navigation Ontology (UNO) [132]
constrain user-modelling to just a single activity which is Navigation and wayfinding in
this case. On the other hand, user profile ontologies such as OntoPIM (Ontology Personal
Information Management) describe various users’ dimensions and share a lot of concepts with
GUMO. OntoPIM describes the user’s domain of interest covering user characteristics such
as personal information, general user characteristics, user abilities, preferences (i.e. abstract
likes/dislikes), interests, activities and profession, which are rather static information [153].
Nonetheless, the latter characteristics describe only the user profile and not the user context,
such as a user current position which GUMO does in its Role dimension.
Behaviour Change Technique Taxonomy
The Behaviour Change Technique taxonomy (BCT) is not a formal, machine readable
ontology, as there is currently no ontology explicitly for behaviour change, however BCT is
an existing effort aiming to create a taxonomy of barriers and behaviour change techniques.
We look forward to seeing the BCT as an ontology in the future, to add it to this research.
The BCT is discussed in further detail in Section 3.8.1. It is important to note that the
lack of a machine-readable ontology that captures BCT does not negate the importance
of the conceptual barrier model presented in this thesis, either as barrier concept by itself
(requirements 4 and 5 in Section 4.2), or when integrated with other existing ontologies to
10http://www.gumo.org/
11http://www.u2m.org/
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form the Barrier Ontology (to achieve requirements 1, 3 and 4 from Section 4.2).
Stage of Change
The stage of change concept is based on the TTM, and is sometimes known as the “stage
of change theory” (Section 2.2.2). This concept include the following terms/vocabularies:
pre-contemplation, preparation, and action or maintenance. All possible current patient
behaviour is represented or identified by one of these terms. This makes it possible to
determine the appropriate type of interventions (e.g. suggestion) to change and maintain
the patient’s behaviour.
Belief
The belief concept includes the terms ‘work’, ‘health’ and ‘society’s belief’, which all have a
high priority on the life of the patient. These terms play an essential role in influencing
the patient’s current behaviour towards change or behaviour maintenance. For example,
a patient who does not engage in physical activity (pre-contemplation) but has a high
priority belief in the health, would benefit from advice such as regular physical activity to
prevent disease and associated complications (e.g. T2D), which could influence change in
the patient’s currently inactive behaviour.
4.3.4 Relations of the Barrier Model
This section discusses the relations among the concepts of the conceptual barrier model
(Figure 4.1). We focus on prevents, isSuggestedFor, subClassOf, and BarrierSign relations -
all of which either are direct relations of the barrier concept, or directly reflect the ontology’s
requirements (Section 4.2).
As discussed in Chapter 3 (Section 3.6), the OWL language chosen to model the Barrier
Ontology distinguishes between two different types of properties in modelling ontologies i.e.
Object property and Datatype property relations [48, 50, 192].
The former serves to link instances of different classes, whereas the latter is used to
assign class instances values or literals. Besides these, we also present hierarchica; relations
in the rdf/owl schema notation that are responsible for properties such as subClassOf.
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Object Property Relations
prevents relation. The prevents relation is one of the main relations in the barrier
domain, linking the barrier concept with physical activity concept. This relation aims to
identify the barrier that prevents patients from engaging or participating in specific types
of physical activities. Therefore, the barrier concept is the domain of this relation, and the
physical activity concept is the range of this relation. This relation serves to answer queries
such as ‘what are the types of barrier that prevent a patient from performing outdoor
walking?’, hence fulfilling requirement (2) in the requirement specification (Section 4.2).
The prevents relation is clarified in Table A.2, which is based on the systematic review
(Section 4.3.2). Table A.2 shows that some barriers (listed in the Barrier/Classification
column) are linked to specific types of physical activity (listed in the Prevented Physical
Activities column), such as outdoor activities that link with walking activity, whereas other
barriers are not linked to particular activities, being considered as barriers to physical
activity in general (i.e. no specific type of activities are included). This can be interpreted as
the barrier negatively affecting any physical activity. For example, the ‘lack of time’ barrier
can exert negative influence on many different types of activities, such as e.g. walking
and swimming [142]. The question of whether or not barriers prevent activities (either
specific activities, or activities in general) is later evaluated by domain experts using the
CQs technique in Chapter 5 (Section 5.3).
isSuggestedFor relation. The isSuggestedFor relation is the inverse of the prevents
relation, meaning the isSuggestedFor relation is restricted with the physical activity concept
as domain, and with the barrier concept as range. This relation aims to link barriers to
suitable alternative activities, in order to limit the identified barriers. Table A.3, which
forms part of the systematic review, presents barriers and suggested alternative activities.
The isSuggestedFor relation aids answering research sub-question (c); ‘How can we model
the Barrier Ontology to suitably recommend or suggest solutions to barriers to physical
activity for T2D patients?’, by using a CQ such as ‘What physical activity is suggested
for the bad weather condition (‘raining’) barrier?’ (Section 5.3.2). This in turn satisfies
requirement (3) of the requirement specification (Section 4.2).
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N-ary Relations
diseaseConditionRelation . The relation of diseaseConditionRelation requires further
explanation; this relation is an n-ary relation12 [23, 194], considered as a container to hold
additional or temporal descriptions about a specific instance of the patient concepts. The
main aim in creating this type of relation is to allow representation of a specific disease
and current condition for a specific patient. This means it is possible to present a case
of the form: “patient ‘X’ has disease ‘Y’ and currently has condition ‘Z’" (e.g. Patient
Smith has asthma and currently has fever). The three arguments of the original n-ary
relation patient,disease, and CurrentCondition leads to three true binary relationships:
has_disease, disease_value and currentCondition_value [262, 267]. Figure 4.1 demonstrates
how the diseaseConditionRelation is related to barrier concept (health barrier) through the
isTriggeredBy relation.
rdfs:subClassOf Relations
The subClassOf relation (shown in Tables A.1 and A.2) implies that instances belonging to
one class, inherently also belong to the parent class. It often depicts a parent-child rela-
tionship between a class and its sub-classes. For example, LackOfTime holds a subClassOf
relationship with the Personal barrier; similarly, Pain holds a subClassOf relationship with
Physical barrier; this implies that the ‘LackOfTime’ and ‘Pain’ are subclasses of Personal
and Physical barriers respectively. By default, instances belonging to the subclasses also
belong to the parent classes, yet the inverse doesn’t hold true; if ‘Pain’ is a subClassOf
‘Physical Barrier’, then ‘Physical Barrier’ cannot be a subClassOf ‘Pain’. The subClassOf
relation is essential in answering CQs such as ‘what is the barrier type of the ‘lack of
time’ barrier?’ and ’which barriers are classified as a ‘personal’ barrier?’, and in satisfying
requirements (4) and (5) of the requirements specification in Section 4.2.
Datatype Property Relations
barrierSign relations. The systematic review (Section 4.3.2) not only aims to obtain
the necessary knowledge (e.g. related barrier’s terms and relations), but also provides an
understating of the barrier’s domain. Some barriers in the barrier class can be logically
inferred or easily predicted based on the user’s profile information. For example, barriers
12https://www.w3.org/TR/swbp-n-aryRelations/
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such as ‘old age’ and ‘lack of time’ are predictable, given the user characteristics of age and
job/employment status, respectively. Other barriers, such as medical condition (e.g. heart
attack), fatigue, and anxiety are easily deduced from the user‘s health profile.
The barrierSigns are DataType Properties (DTP), each of which can be used to assign
a value (such as a string or integer) to an individual of the type or domain class Patient.
Each barrierSign can independently link the user to barrier concepts. For example, the
barrierSign DTP employmentStatus takes on a value such as "hasFullTimeJob", and can
be annotated with a utility property “seeAlso” [39, 58] which links it to the barrier class
“LackOfTime”.
These sub DTPs under the barrierSign relation are vital in enabling prediction of a
specific barrier on the basis of information captured in the user classes. The barrierSign
object matches sub-classes of the Barrier class to sub-classes of the Patient class, hence
is restricted to the domain of Patient. The barrierSign relation contributes to satisfying
requirement (1) of the requirement specification (Section 4.2), and therefore answering CQs
such as ‘what is the expected barrier of a user whose employment status is “Full Time Job”
and is suffering from “Asthma” disease?’.
4.4 The Ontology Development Process
We now discuss how the conceptual model of barriers to physical activity behaviour is
developed using the “Ontology Development 101” and using the Protégé editor (Section 3.6).
Justification for the “Ontology Development 101” [192] methodology is presented in Chap-
ter 3 (Section 3.6). As mentioned in (Section 3.6), it is not necessary to always follow
a design methodology, such as the 101 methodology or those presented in [77, 242, 253].
However, it is often advisable to do so in order to ensure that the steps of ontology devel-
opment are complete. Another benefit of using a prescribed development process is that
a well narrated development process enhances review and re-use of the ontology, aiding
researchers keen on re-producing similar or related work.
In order to develop the Barrier Ontology, the ontology editor tool Protégé (Section 3.6)
is used. It is important to note that the term ‘concept’ of the conceptual model is replaced
with the term ‘class’, which is more appropriate during the development process of Barrier
Ontology (Section 4.3). We now detail below the development steps that are used to develop
the Barrier Ontology.
1. Decide the domain and scope of the Barrier Ontology:
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Physical activity for T2D is chosen as the domain and scope of the Barrier Ontology.
The reasons for this are to define the domain and scope of ontology (i.e. - the ability
of physical activity to manage T2D - one of the most common diseases worldwide),
and to put the problem of behaviour change (barrier) into context, as discussed in
Section 4.3.1. Different types of CQs (Section 3.6) are defined to further limit the
ontology’s domain and scope (barrier to physical activity for T2D), and to ensure
the ontology’s requirements (detailed in Section 4.2) are entirely covered. These
CQs are divided into four templates to meet the Barrier Ontology’ requirements
(Section 4.2). Those presented here primarily focus on the barrier concept, however,
they are transferable across other concepts such physical activity and GUMO. These
CQs are also relevant in evaluating the Barrier Ontology in Chapter 5. Below is an
example of each of these four templates. More examples and details are presented
during the evaluation of the Barrier Ontology (Section 5.3).
• What physical activity is suggested for the bad weather condition (‘raining’)
barrier?
• What barriers prevent or limit people from performing ‘Football’, despite being
interested in this activity?
• What is the expected barrier for a male patient who has a full-time job, lives
with his wife and two children, and complains about not having friends to play
sports with, and no personal support for performing physical activity?
• What is the barrier type of ‘transportation problem’ barrier?
• What barriers are classified as ‘environmental’ barrier?
2. Consider reusing existing ontologies:
Reusing existing ontologies, instead of creating one from scratch, is a good practice
and a powerful process in ontology development [113, 192]. The step of enumerating
related terms comes after this step, in order to ensure there is no existing ontology or
hierarchical taxonomy to reuse or to extend into the given domain.
Four existing ontologies are imported into the Barrier Ontology to model some
concepts. These four ontologies are the human disease ontology13, physical activity
ontology14, GUMO [105] and BCT [168]. As mentioned in Section 4.3.3, there is
currently no BCT ontology or taxonomy that can be imported into the Barrier




activity concept in the conceptual barrier model.
Figure 4.13: Physical activity ontology imported into the conceptual barrier model.
3. Enumerate important terms in the barriers ontology:
The step of enumerating related terms comes after ensuring there is no existing useful
ontology or hierarchical taxonomy that can be reused or to extended into the Barrier
Ontology, instead of creating a new ontology. So, this step includes classes that
are created based on specific models (belief and stage of change) and class that are
created from scratch (barrier class). Regarding the barrier class, a systematic review
(Section 4.3.2) is achieved to enumerate the important terms relevant to our main
concepts i.e. barrier and physical activities.
4. Define the classes and the class hierarchy:
This step aims to refine the list of terms from the previous step (enumerate important
terms), that can be classified as classes and subclasses. The Top-down method
(Section 3.6), which starts with the most general class, progressing to the specific
class in the domain, is used to create class hierarchies, thus instantiating a taxonomic
structure. The hierarchical taxonomies among the barriers terms help us achieve
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requirements (4) and (5) in the requirements specification (Section 4.2), as well as
answer the CQs such as ‘What is the barrier type of ‘transportation problem’ barrier?’
and ‘What barriers are classified as ‘environmental’ barrier?’. In this step, we also
define the extended classes and the class hierarchy of the extension to the physical
activity ontology. It is important to note that the classes and the class hierarchy
of the existing ontologies, such as disease ontology and GUMO, have already been
processed automatically during the ‘importation of existing ontologies’ step (detailed
in Step 2). Additionally, this step includes modelling the stages of change (Section 2.2)
and belief (Section 4.3.3) concepts, hierarchically.
5. Define the properties of classes:
In order to infer or predict a barrier, with respect to a given user characteristic,
it’s essential to model a relationship between the user concept and the barrier
concept. For purposes of modelling this relationship, GUMO is extended to include
DataType Properties (DTPs) that link user classes to the barrier classes. We use
the DTP relations (specifically we use sub DTPs of the top-level data property
relation barrierSign, as introduced in Section 4.3.4). Each data property in GUMO
is created as an object belonging to the Patient domain class and is annotated with
a comment (literal/string value) and a utility property instance “rdfs:seeAlso” [39].
The “rdfs:seeAlso” instance links the DTP to a barrier class. For example, the DTP
entry “hasFullTimeJob” (a sub-property of barrierSign) can be annotated with a
literal value “yes” and as a barrier class “LackOfTime” using the utility property
rdfs:seeAlso (see example in excerpt below).
rdfs:seeAlso is an instance of rdf:Property that is used to indicate a resource
that might provide additional information about the subject resource [39].
The rdfs:domain of rdfs:seeAlso is rdfs:Resource (“hasFullTimeJob” data prop-
erty).
The rdfs:range of rdfs:seeAlso is rdfs:Resource (“LackOFTime” barrier class).
This initialized relationship carries both a conceptual meaning and logical meaning.
A conceptual meaning implies that there exists a relationship between the employ-
ment status DTP “hasFullTimeJob” and the “LackOfTime” barrier class; a logical
meaning implies that “hasFullTimeJob” is a sign which indicates the presence of the
“LackOfTime” barrier.
Another example of this linking of a DTP and barrier class can be found with the
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DTP “isSocial”, which can be annotated with a literal value “yes” and with the
barrier “LackOfSupportAndMotivation”. Further examples include the DTPs “age”,
“hasIllness”, “hasT2D”, “hasOtherDiseases”, as well as others induced from the domain
knowledge gathered. These are further detailed in Table A.2.
6. Define the restriction of the classes:
This step includes setting and applying the restriction on object properties relations
(Section 4.3.4) among the classes of the conceptual model. These restrictions describe
the range and domain for each of the domain classes. For example, the prevents
relation is restricted to the domain barrier, and range physical activity.
7. Create instances:
The method used to determine the instances, described in step 4 of the development
proves (define the classes and the class hierarchy), is a ‘top-down’ method which
starts from the general classes and progresses to the precise classes, with the finest
granularity of classes presented as instances. Instances are therefore defined as “the
most specific concepts represented in a knowledge base” [192]. So, the final description
of the barrier terms in Figures 4.4, 4.5, 4.6, 4.7, 4.8 and 4.9 are created as instances
in the barrier class.
In order to complete this step, the following stages should be followed: (1) choose a
particular class (Step 4); (2) create the required instances of the selected class; (3)
instantiate the necessary properties to capture the relations for the instance. For
example: (1) the ’HomeActivity’ subclass is chosen; (2) ‘Cleaning’, ‘Vacuuming’,
’RopeSkipping’, etc. are created and specified as instances belonging to the ’HomeAc-
tivity’ subclass; (3) the relation (isSuggestedFor) is instantiated to link these three
instances to the weather condition instance “cold”, which literally means cleaning,
vacuuming and rope skipping are ideal alternative activities for the barrier of cold
weather.
This implies that sub-question (c) of the thesis “Can we use the ontology to identify
the best suggestion to give to a subject with T2D in terms of types of physical
activities to limit some perceived or objective barrier?” is answered.
A further example is if the inverse relation prevents is used: (1) ‘LackOfTime’ is chosen
as the subclass; (2) ’FamilyObligations’ and ’HomeResponsibilities’ are instances
created under the ‘LackOfTime’ subclass; (3) the prevents property is used to link
these instances to outdoor activities instances such as ’Walking’ and ’Running’.
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4.5 Summary
This chapter narrates the various steps undertaken to design and develop the Barrier
Ontology. It establishes an understanding of the various decisions and steps taken in
developing an ontology. Sufficient explanation of the domain terminologies assists the
reader to form an intuitive appreciation of the domain, particularly its relevance to the
research. At its core, it makes use of the “Ontology Development 101" process to guide
the development of the Barrier Ontology. It started with selection of a domain and scope,
followed by defining a set of CQs to extract terms and concepts necessary in building the
hierarchies of the ontology. Completion of the ontology construction answered sub-question
(a) “How can we build an ontology of “barriers to physical activity for T2D patients"?”.
After a comprehensive literature review, three different ontologies are deemed fit for
integration into the Barrier Ontology: disease ontology, physical activity ontology, and
GUMO. Successful re-use of existing ontologies directly answered sub-question (b) “How
can we demonstrate the use of a formal methodology, including the notion of ontology
reuse, to objectively support the Barrier Ontology?”. Some relations included in the
ontology, particularly, the isSuggestedFor relation, indirectly implies an activity is suitable
or recommended for limiting a certain barrier; this answers sub-question (c): “How can we
use the Barrier Ontology to produce suitable recommendations of physical activities which
take into account barriers to such physical activity from T2D patients?”. This subquestion
is further addressed in the evaluation study, as detailed later.
The Barrier Ontology developed in this chapter is empirically evaluated in the next





Chapter 4 presented the process and methods used in construction of the Barrier Ontology,
uncovering how the barrier conceptual model was developed, and how the ‘Ontology
Development 101’ development process was used in building the Barrier Ontology. This
chapter evaluates the ontology deliverable from Chapter 4.
There is currently no consensus on a global approach or methodology for evaluating
ontologies [84], however there is research which focuses on structural aspects, functional
aspects, and usability aspects, with regards to ontology validation and verification [67, 196].
This chapter details two methodologies that were systematically adopted to evaluate the
Barrier Ontology, specifically data-driven evaluation [38] and competency questions (CQs)
evaluation [99, 193, 261]. Data-driven evaluation (Section 5.2) involves comparing an
ontology with a corpus of texts extracted from sources relevant to the ontology knowledge
domain [38], for our case, these sources may include articles in open access medical
repositories such as PubMed1, and are described in further detail in Section 5.2. The
objective of the comparison is to identify co-occurrences of the terms and relations between
the ontology and the corpus. Data-driven evaluation employs metrics such as precision and
recall to measure the lexical key word coverage of the ontology, and hence its overall fit
to the domain [38]. In Information retrieval (IR), precision is the proportion of all items
retrieved that are relevant or correct, and recall is the proportion of all relevant or correct
items that are retrieved [42].
1https://pubmed.ncbi.nlm.nih.gov/
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Brewster et al. [38] discuss the challenges in identifying relations in the data-driven
approach, indicating that despite relations such as isA (hyponymy) and Part-of (meronymy)
being common, it is not clear that they are of the right granularity to represent knowledge
in the ontology. We leverage on the competency questions (CQs) approach (Section 5.3)
and knowledge gathered in a survey from domain experts (such as health practitioners
and others with T2D knowledge) to evaluate the ontology’s ability to correctly address or
answer the CQs, as well as to evaluate the relations in the ontology as briefly discussed
here and expanded on in Section 5.3.2. CQs are designed with pre-defined answers that
an ontology has to correctly identify [99], by means of returned answers to queries. We
use the survey gathered answers to the CQs as the pre-defined answers the ontology has
to correctly identify. Therefore, the CQ based evaluation objectives are achievable mainly
by comparing the ontology retrievable answers to survey gathered answers for a set of
CQs. Positive correlation or high similarity between the answers to the CQs from the two
answer-bases (ontology and survey) imply that the ontology correctly addresses CQs and
therefore provides formal justification of the ontology’s competence and ability to satisfy
its intended use [30, 99, 193]. Constructing queries that contained the correct relations
(which is vital in IR [47]) allowed us retrieve answers (i.e. domain or range of the respective
relations) to the CQs. Subsequently, this enabled us to examine the precision of the domain
or range of the candidate relations [91] (entailed in the CQs) as well as to determine how
comparable the answers were to those feedback gathered from domain experts through a
survey. Section 5.3 describes in detail the CQs as well as survey gathered knowledge used
for evaluation.
5.2 Data-driven Approach
Brewster et al. [38] suggested using a data-driven approach to evaluate the degree of
structural fit between an ontology and a corpus of documents. Unlike the golden standard
approach, which requires an existing ontology [151], the data-driven approach broadens the
scope of the knowledge base. It allows one to utilise multiple data sources in deciding if an
ontology meets all its requirements and is a good representation of a particular domain
of knowledge. We use a data-driven approach to evaluate the terms and concepts in the
Barrier Ontology against a corpus of text extracted from articles, clinical trial systematic
reviews and medical reports in medical journal sites and open access biomedical databases
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such as PubMed2, British Journal of General Practice (BJGP)3 and ClinicalTrials.gov4.
The sources (included in Appendix B.2) were obtained by retaining a subset of numerous
google search retrieved results that were relevant to the domain. The steps covered in this
evaluation are illustrated in Figure 5.1.
5.2.1 Comparison of the Barrier Ontology with Documents from the
Domain
In using the data-driven approach, the objective is to compare content at the various levels
in the ontology with the content of the corpus, thereby identifying similarities and differences
(in terms of existing concepts) between the two. This process is vital in measuring the lexical
key coverage that the ontology attains on the corpus, i.e. how many key words (concepts)
co-occur in the ontology and the corpus. This quantifies the extent to which the ontology
reflects the domain from which the corpus was extracted. Strictly speaking, the data-driven
approach requires counting the number of overlapping terms or concepts between the
ontology and the corpus. A 4-phased approach is employed during the comparison process.
These phases include text summarisation techniques, such as Topic modelling (phase 3), in
order to enable efficient processing of the corpus. Ideally, these techniques extract a small
group of entities (terms) that can be individually compared with the terms and concepts of
the ontology. The 4 phases are detailed below.
Phase 1: Knowledge crawling from 15 websites. Brewster et al. [38] extracted 41
arbitrary texts from the internet on a number of artists during a task in which they evaluated
an ontology built to represent a domain of artists and artefacts [7]. A similar approach is
used for evaluating our barriers ontology (the conceptual barrier model). We automatically
extract domain specific information by crawling 15 websites obtained through the Google
search engine5 via the search query ‘barriers to physical activity for T2D’ using the Google
search library in python6. Important to note that, these 15 different sources (Appendix B.2)
are completely exclusive of the original set of 19 sources used in the systematic review
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Figure 5.1: Process diagram detailing the application of the data-driven approach in
evaluating the Barrier Ontology.
format, with only the body section retained. Additionally, image tags and their content are
dropped, and data in table rows are extracted by accessing row tags. All the plain text
extracted from each web page is merged into a single corpus of text.
Phase 2: Processing and cleaning up the corpus. The corpus obtained from phase
1 is subjected to a series of pre-processing tasks, in order to prepare it for analysis and
evaluation. The state-of-the-art text mining libraries spaCY7 and Natural Language Toolkit
(NLTK)8 are used, which are freely available in Python [5]. The text is then tokenized i.e.
sentences are split into individual words (tokens), and each word is assigned a Part of Speech
(POS) tag9. Assigning POS tags allows tracking of words associated to parts of speech that





eliminated elements include conjunctions, punctuation, pronouns, and infinitive markers.
The POS tags assigned to these categories are ADP, PUNCT, PRON and PART, respectively.
This is followed by removal of stop words referenced from WordNet [173]. Stopwords [173]
are words that don’t add any semantic knowledge during analysis of the text (e.g. “an”,
“it”, “for”, etc.).
Phase 3: Topic modelling. Topic modelling is referred to as the division of text or
discourse into topically coherent segments [215]. It is used in machine learning to discover
semantic structures in text, hence discovering topic representations of a collection of text.
As part of the analysis, several topics/keywords or themes are extracted from the cleaned
corpus, which are representative of the domain, based on the sites crawled. Keyword
extraction is achieved using the Latent Dirichlet Allocation (LDA) [33] probabilistic model,
with the help of text mining library Gensim10. It’s noteworthy to mention that we filter
out extracted topics/terms that are irrelevant to the domains of focus (barriers to physical
activity). Frequent examples of terms extracted include ‘hypoglycaemia’ or ‘blood glucose
levels’, ‘heart disease’ and ‘obesity’, whereas irrelevant terms filtered out include ‘thematic
analysis’, ‘saturation’ and others.
Phase 4: Identifying overlapping terms. Brewster et al. [38] used the precision and
recall metrics to measure the overall fit of an ontology to the corpus. In Information
Retrieval (IR) research, precision is the proportion of retrieved documents that are relevant,
while recall is the proportion of relevant documents that are retrieved [258].
In addition to these two metrics, we also compute the F1-score, which is defined as
the harmonic mean of precision and recall, and is known to be more informative in IR
experiments (computed by equation 5.3) [277]. We therefore use these three measures of
lexical keyword coverage of the Barrier Ontology concepts on the corpus representing the
domain. Identifying overlapping terms also requires the annotation of similar concepts and
differing concepts across the two representations (ontology and corpus).
Precision = TruePositives
TruePositives + FalsePositive (5.1)
Recall = TruePositives
TruePositives + FalseNegatives (5.2)
10https://radimrehurek.com/gensim/
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F1-score = 2× Precision×Recall
Precision + Recall (5.3)
The variable True Positives (TP) indicates the number of relevant terms that are
correctly retrieved; False Positives (FP) indicates the number of incorrectly retrieved terms
i.e. terms that were retrieved, but not relevant so should have not been retrieved; False
Negatives (FN) indicates the number of relevant terms that were not retrieved, but should
have been retrieved. The selection criteria for similarities between the Barrier Ontology
and the corpus is as follows.
Syntactical similarity via string similarity. String similarity is often used as a means
of quantifying the likelihood that two pairs of strings have the same underlying meaning,
based purely on the character composition of the two strings [26]. Most string similarity
techniques involve matching strings character by character. For instance, given an aligned
pair of strings ‘barrier’ and ‘barriers’, string similarity declares that the two terms differ
from each other by only a single character i.e. ‘s’ appearing at the end. The order of the
characters in the terms is preserved during the matching process.
We adopt the Levenshtein Distance Algorithm [223] to compute the similarity between
concepts extracted from the corpus and those in our ontology. Levenshtein Distance (LD)
refers to the minimum number of changes (character insertion, substitution, or deletion)
required to transform one string into another [223]. We use an online resource11 which





Where l is the standard LD, and m is size of the longer word of the pair. For example,
given strings A = barrier and B = barriers, l(A, B) is ‘1’, since one operation is required
to transform A into B, namely the deletion of s at the final position of b. As |B| > |A|,
LDA, B = (1− 18)× 100 = 87.5. This means there is approximately 88% similarity between
strings A and B. We retain only string pairs where both strings are identical, with a
sample included in Table 5.1. A complete list of these syntactical similarities is provided in
Appendix B, (Table B.1).
11https://asecuritysite.com/forensics/simstring
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Synonymous and Hypernymous phrases. Brewster et al. [38] used WordNet [173]
to obtain hypernyms for ontology concepts and terms (during the query expansion step in
their evaluation architecture), exhaustively comparing ontology concepts to corpus terms,
yielding a measure of coverage of the ontology on the corpus. Similar to Brewster et al., we
use the WordNet knowledge base in NLTK [145] to identify concepts in our ontology that
were either synonymous or hyponymous with concepts extracted from the corpus. WordNet
is a popular large lexical database that groups words into a set of synonyms. For example,
WordNet shows ‘feeling lazy’ is a synonym of ‘laziness’. We search for the synonyms and
hypernyms for each of the ontology concept words and match these with terms extracted
from the corpus. Terms in the corpus which both appeared in the cluster of synonyms
and were shown as hypernyms (from WordNet) of the ontology concepts, were marked for
similarity (Algorithm 1 reveals the mapping process used in identifying the related terms).
No hyponymous phrases were identified while traversing WordNet, and as such we only
report synonyms. We present a sample of these synonyms in Table 5.1. A complete list of
synonymous similarities is provided in Appendix B, (Table B.1).
Algorithm 1 Search Wordnet to determine relatedness between ontology concepts and
corpus terms.
Input: ontology_concepts and corpus_ concepts
Output: synonymous and hypernymous terms
for each concepto in enumerate(ontology_ concepts) do
for each termc in enumerate(corpus_concepts) do
concepto_cluster = wordnet.synsets(concepto) + wordnet.hypernyms(concepto);
if termc in concepto_cluster
store similar terms (concepto, termc) end
Table 5.1: Some similarity between terms of the Barrier Ontology and the corpus
Type of similarity No. Ontology Corpus
Syntactical
1 Hypoglycemia Hypoglycemia




5 Feeling lazy Laziness
6 Bad weather condition Climatic condition
Subsequently, we examine non-overlapping terms to complete the ontology-corpus
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mapping process. We annotate terms in the ontology that didn’t exist in the corpus, as well
as those terms that were in the corpus but absent in the ontology. We additionally reviewed
corpus terms absent in the ontology for domain relevance i.e. assessing whether these
terms were relevant or irrelevant to the barrier domain. The irrelevant non-overlapping
terms in the corpus were consequently excluded from the analysis, retaining a precise list
of non-overlapping terms. Out of all the remaining domain relevant topics extracted, ‘19’
terms (Tables 5.1 and B.1) are discovered in both the ontology and the corpus i.e. they are
referred to as TP, and ‘0’ relevant terms are found missing in the ontology, referred to as
FN. ‘5’ terms (‘transportation problem’, ‘lack of knowledge’, ‘financial problem’, ‘preference
for other activity’ and ‘feeling depressed’) are discovered in the ontology which are absent
in the corpus; these are referred to as FP. These measures are then used to obtain baseline
metrics that evaluate the ontology as shown below:
Precision = TP
TP + FP =
24
24 + 19 = 0.558 (≈ 56%)
Recall = TP
TP + FN =
24
24 + 0 = 1 (100%)
F1-score = 2× Precision×Recall
Precision + Recall =
2× 0.558× 1
0.558 + 1 = 0.716 (≈ 72%)
Discussion
Brewster et al. penalised an ontology during evaluation for disagreements between the
ontology and the corpus [38]. In our scenario, we utilise three metrics as weighted measures
of the agreement between the ontology and the corpus. As observed, we obtain a low
precision of approximately 56%, implying that the number of terms that existed in the
ontology were more than those in the corpus. Despite this, we obtained 100% recall, which
implies there were no relevant terms in the corpus that didn’t exist in the ontology. We
noted that the F1-score is more informative than the precision and recall metrics, giving a
more balanced measure of the extent of agreement between the ontology and the corpus. [96].
A low F1-score (towards 0%) implies a low vote of confidence in the ontology whereas
a high F1-score (towards 100%) implies a high vote of confidence in the ontology. It’s
noteworthy to conclude that with an F1-score of approximately 72%, we are confident that
the ontology is a good fit for the domain “barriers to physical activity for T2D patient".
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Recording an F1-score nearing 100% would imply that the ontology has every term in the
corpus. This is almost impossible with the methods we used in populating the ontology;
the classification of the terms (topic annotation) was manual in the systematic review,
whereas the concept extraction from the corpus was a semi-automatic process that relied
on probabilistic modelling (LDA) to assign a topic to a keyword.
5.3 Competency Questions Technique
Competency questions (CQs) are formally defined as a set of questions expressed in natural
language, which the finished ontology must be able to answer correctly [30, 99, 193]. In
addition to being used to determine the domain and scope of the Barrier Ontology, as
mentioned in Section 4.3, they can also be used to evaluate an ontology [261].
The CQs-based evaluation focuses on the verification of the Barrier Ontology by com-
paring it against its ontology specification document (ontology requirements [228], thus
evaluating the ability of the barriers ontology to satisfy its functional requirements (detailed
in Section 4.2). Contrary to data-driven evaluation, CQs provide a holistic assessment of
the ontology as an artefact built to satisfy a given aim.
In our CQ-based evaluation, we construct four unique templates, to hold four different
groups of CQs each. The CQs are transformed from natural language into machine
processable queries expressed in SPARQL (Section B.3), a language for querying Resource
Description Framework (RDF) datasets [138] (Section 3.5.3), that is a World Wide Web
Consortium (W3C)12 [214] recommendation.
Gomez [91] highlights that queries in information retrieval can either contain relations,
or concepts, or both; the target concepts and relations we aim to evaluate are embedded in
a number of SPARQL queries that translate, in a machine processable format, the CQs
formulated in natural language. Often CQs cannot be directly translated into SPARQL,
given that queries are expressed as sequences of triples of the type (subject, predicate, object),
that define patterns to be matched in the populated ontology. We then construct the
queries as illustrated by the following example. Considering the CQ, “What are the types
of barrier that prevent or limit people from performing ‘football’, despite being interested
in this activity?” we perform the following steps to create the associated SPARQL query:
1. Identify the main concepts in the CQ. In the above example, these include a person
12https://www.w3.org/TR/rdf-sparql-query/
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who is a user/patient, and “football".
2. Identify the main properties in the CQ which the main concept is relating to. In the
example above, the property is the prevents relation.
3. Write a SPARQL query to select instances that contain the concepts in (1) and the
properties in (2). Included in the template discussions below, are formally written
SPARQL queries used in retrieving answers for CQs of each template.
The CQ-based evaluation conducted is validated by eliciting knowledge (in the form of
answers to the CQs) from the feedback given in a survey aimed at experts in the health
domain such as general practice doctors, clinical and medical academics or researchers, and
other T2D knowledgeable people.
The domain expert knowledge is used in comprehensively validating the answers (gener-
ated by executing the SPARQL queries) to the CQs, following [30, 193], i.e. we evaluate
the extent to which answers to the CQs modelled in the ontology are representative of the
views of the domain experts.
The answers to the SPARQL query identify essentially either the domain or the range
of the CQ’s candidate relation. We firstly evaluate the accuracy of the domain or range
depending on which of the two was the appropriate answer to the question. Secondly, we
determine how comparable these answers (domain or range) are to the expected pre-defined
answers (from the experts’ survey responses) to the CQ in question. For example, a CQ
“what barriers prevent or limit people from performing ‘Football’, despite being interested
in this activity?”, needs to query the ontology and retrieve the domain of the prevents
relation given the range ‘football’. The evaluation verifies the accuracy or precision of the
relevant domain as well as how it correlates with the domain expert answers for the same
question.
Evaluating the precision of the domain enables us validate the semantic coherence of the
relational properties in the ontology, by ensuring that the meaning of the relation satisfies
the constraints that are identified by experts in the survey. For example, in the case of the
prevents relation, barriers that prevent athletics sports (e.g. football) might not necessarily
prevent conditioning exercises (e.g. swimming).
Section 5.3.1 discusses the CQs and survey questions, where the latter are directly
derived from the former. This relationship between CQs and survey question is presented
in Table 5.2. In addition to the survey aims, Section 5.3.1 also presents the four CQ
templates used in the evaluation to model the different categories of CQs, with each
template accompanied by a discussion assessing the relation between the answers gathered
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from the survey, and those retrieved from the ontology for the particular CQs. A detailed
description of the survey design and preparation is presented in Appendix B.3.1.
5.3.1 Survey
Qualitative evaluation is widely adopted in both scientific and non-scientific fields of research.
Online surveys are one of the many qualitative evaluation tools often employed by ontology
engineers in evaluating the fitness for purpose of an ontology [129]. As a part of the
evaluation in this thesis, we obtain institutional ethical approval from the University of
Liverpool Department of Ethics13 to conduct an online survey titled “Ontology to Support
Behaviour Change Intervention: Barriers to Activity".
The survey questionnaire is a mixture of both structured (fixed/multiple-choice response)
and non-structured (open-ended) questions. The survey is designed using a web-based
platform (Allcounted.com14). Further discussion of the survey design and content are
included in Appendix B.3.1. The survey invites participants (targeted through emails and
social media platforms) who are oriented with medical-practice and medical-research, and
T2D knowledge (further details on the participants demographics is presented below). The
survey’s aims and results are presented and analysed as a crucial stage of the CQ-based
evaluation. Tables 5.2 and B.3 demonstrate the relation between functional requirements,
template CQs, survey questions, and target relations. The template CQs inherently
reflect particular functional requirements (drawn from the ontology specification document).
For presentation purposes, we only present a subset of the CQs and present the rest in
appendix B.3.2. The survey questions are derived from the template CQs, and finally the
target relation is the candidate relation (inserted in the query of a CQ to the ontology)
subject to evaluation for the CQs of template in question. The meta-data elaborates the
relationship between the CQs and the survey question.
Survey Aims
The survey was designed to elicit knowledge from domain experts, which would be used
in objectively validating the scope and authenticity of the functional requirements of the
Barrier Ontology. Analysis of the survey feedback is chiefly used to:
1. Assess the correlation between the domain expert knowledge presented in the survey
13https://www.liverpool.ac.uk/research-integrity/research-ethics/
14https://www.allcounted.com/
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Table 5.2: A subset of each template’s CQs, with their corresponding survey questions,
target relations, and the ontological functional requirements they satisfy. Additional
comments narrating how survey questions are derived from CQs are included as Meta-




To recognise barriers that prevent performance of a specific
type of activity.
Templates 3
CQ 3.1: What are the barriers that prevent or limit people
from performing ‘Football’, despite being interested in this
activity?
CQ 3.2: What are the barriers that prevent or limit people
from performing ‘Swimming’, despite being interested in this
activity?
Survey question
For each barrier (listed on the left), please select which
activity types (listed along the top) you believe the barrier
could prevent people to engage into. For each barrier, you
may select multiple answers. Leave blank the boxes for any
barrier for which you are unsure.
Meta-data
The 2 CQs require barriers that prevent a single physical
activity each i.e. Football (CQ 3.1), Swimming (CQ 4.2) etc.
However, we design the corresponding survey question to
probe for barriers that categorically prevent several physical
activities presented in CQs within the template, i.e. the
survey question requires barriers that prevent aerobic athletic
sports (e.g. Football for CQ 3.1) and conditioning exercises
(e.g. Swimming for CQ 3.2) etc.
Target relation prevents relation
feedback and the answers that the Barrier Ontology provides to the CQs. For
example, given a CQ that probes for physical activities suitable for barriers for Type
2 Diabetes (T2D) patents, we aim to verify that the Barrier Ontology (our model)
provides suggestions of physical activities that have a bearing to those recommended
by experts with clinical practice or medical research knowledge.
2. Leverage on the comparison of domain expert knowledge with ontology provided
results, in order to evaluate the accuracy of domain and range as well as the semantic
coherence of the relations that characterise the CQs. This process investigates whether
querying the relations (that characterise the CQs) retrieves answers from the ontology
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as expected by the experts in the survey.
3. Finally, the survey evaluation aims to validate the employed CQs as suitable and
relevant for the Knowledge-Based System (KBS) which underpins the studied domain
(Barrier Ontology domain).
In addition, the survey results could be used to reconcile any contradictory knowledge
and limitation of the systematic review, particularly with regard to the barrier concept
where classifications for some identified barriers, such as ‘body image’ and ‘obesity’, were
not found within the reviewed studies (Section 4.3.2).
Demographics of the survey participants
A total of 30 participants completed the survey. These participants include many different
medical professions:
• Health psychologists, who are members of the health care team who have much to
contribute to the well-being and welfare of people [221];
• Clinical psychologists, who are mental health professionals with highly specialized
training in the diagnosis and psychological treatment of mental, behavioural and
emotional illnesses [175];
• Psychiatrists, who are trained doctors who have specialised in the field of diagnosing
and managing mental illnesses, mental disorders and emotional and behavioural
disturbances [31];
• Endocrinologists or other diabetes specialists, who are medical doctors that specialize
in the glands of the endocrine (hormone) system [263];
• General medical doctors15 such as GPs who treat patients with minor and chronic
illnesses or disease;
• Academic researchers in fields such as behaviour and behaviour change;
• Allied health professionals16 such as physical therapists, occupational therapists and
respiratory therapists;
• Biomedical scientists17 who work specifically in the context of medicine.
As Figure 5.2 illustrates, general medical Doctors accounted for 24.14% of participants,
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Figure 5.2: Participation per profession distribution for the “Ontology to Support Behaviour
Change Intervention: Barriers to Activity”.
largest group was health psychologists, accounting for 20.69%. Smaller groups included
clinical psychologists, psychiatrists, allied health professionals and biomedical scientists,
each accounting for 3.45%. Other participants were split between endocrinologists and
interested persons with T2D knowledge, as shown in Figure 5.2. Among the 30 participants,
1 participant partially completed the survey by leaving 1 question unanswered (scenario 3
as presented in Appendix B.3.2).
5.3.2 Analysis of Survey Results for Template Competency Question
Determining a sample size for analysis of e-survey results is not a cut-and-dry proce-
dure, however the larger the sample, the more likely it is to yield statistically significant
results [110]. According to [110, 149], sample size of at least 30 is sufficient.
In order to decide on the response that is to be recorded as the given survey results
answer, we adopt a majority vote mechanism which selects the answer with the highest
number of nominations for each question. An example of this strategy’s implication is:
if 80% of the participants classify ‘pain’ as a ‘physical barrier’ and 20% classify it as a
‘health barrier’, we report ‘pain’ as a ‘physical barrier’. Isaac and Michael [116] recommend
sample sizes ranging from 10-30 as sufficient in testing a null hypothesis of a small sample
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survey. We therefore set the minimum threshold of votes (survey responses) required to
consider an answer at 10 votes (approximately 33% of 30 participants), meaning answers
that have less than 10 votes were excluded from the analysis.
Having received responses from a total of 30 participants, an analysis comparing answers
to CQs retrieved from the Barrier Ontology to the answers gathered from the domain
experts in the survey is performed. We determine a similarity score as the number of exact
matching items within answers retrieved from the two sources (ontology and survey). In
order to summarise this aggregated information in our work, we define Percentage Similarity
(PS) as the similarity score expressed as a percentage of the total number of unique retrieved
items from the two sources. The PS value serves as a functional measure of the consistency,
or concurrence, between the Barrier Ontology retrieved answers and the survey gathered
answers, with respect to CQs.
The following sections give a comparison of the Barrier Ontology retrieved results to
Survey retrieved results to CQs, categorised under four templates. Acronyms BO and SR
are used to refer to the Barrier Ontology results and Survey Results respectively, and PS
refers to the Percentage Similarity score between BO and SR. Four CQs are prepared for
each template, totalling 16 CQs, however for each template we present comparison between
the results of BO and SR of only 2 CQs. The remaining 2 CQs under each template
and the SPARQL queries of all the 16 CQs are presented in Appendix B (Section B.3).
Table 5.2 shows a subset of each template, with their corresponding survey questions, with
the complete table being presented in Appendix B (Table B.3). Comprehensive survey
results corresponding to the CQs are presented in Appendix B (Section B.3.2).
Criteria for Evaluation. Given a CQ to which we have obtained two sets of answers,
(the first retrieved from the Barrier Ontology (BO) and the second from the survey (SR)), we
report the degree to which BO matches SR as a percentage similarity (PS) value introduced
in preceding paragraph. A lower PS value indicates that the knowledge base (BO) does not
effectively represent ground truth domain knowledge from the domain experts. A higher PS
value indicates that the following assertions are more likely to be valid: (1) the relational
properties (relations) are a good representation of the relationships between the concepts
in question with respect to the domain expert feedback (SR), as it pertains to the scope or
domain that the ontology is built for; (2) the semantic coherence of the relations in the
ontology; and (3) the ontology is correctly addressing the CQ and hence able to meet its
intended purpose.
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5.3.2.1 Template 1
Template 1 CQs precisely query the ontology for barriers that belong to a single barrier
type or category. Two example CQs under this template are:
CQ 1.1: What barriers are classified as Health barrier?
CQ 1.2: What barriers are classified as Environmental barrier?
Table 5.3 reveals answers corresponding to CQ 1.1 and CQ 1.2, in terms of classification
choices made by the experts (SR) along with those retrieved from BO, including the
percentage similarity (PS).
Table 5.3: Classifications assigned to barriers according to the Barrier Ontology (BO)
results and Survey Result (SR) for CQs 1.1 and 1.2 under Template 1. Ximplies a barrier
is identified as belonging to the corresponding Barrier Type, whereas X is the opposite. A
match (Percentage Similarity (PS)) between the BO and SR column indicates that the
ontology retrieved answers identical to those provided by experts in the survey.
CQ No. Barrier Type Barriers BO SR PS %
CQ 1.1 Health Barrier
Hypoglycaemia X X
40%




CQ 1.2 Environmental Barrier
Transportation difficulty X X
100%
Lack of facility/equipment X X
Facilities/equipment cost X X
Lack of safety X X
Bad weather condition X X
Discussion. Given CQ 1.1 (What barriers are classified as ‘Health’ barrier?), we notice
that while survey results classified 5 barriers as ‘health’ barrier, the Barrier Ontology only
classified 2 barriers as ‘health’ barrier, resulting in a PS of 40% (25 × 100 = 40%) as shown
in Table 5.3. On the other hand, a PS of 100% is obtained for CQ 1.2 since the results
from BO and SR were identical.
As shown in Figure 5.3, there was a high PS between the two reviewed samples (BO
results and SR results) for CQ 1.2 (which probed for environment barrier). CQ 1.1 (health
barrier) and CQ 1.4 (physical barrier) (whose results are presented in Appendix B.3.2)
were however noticeable outliers, with a PS value of 40% and 67%, respectively. The low
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Figure 5.3: Bar chart depicting the agreement rate between the retrievable BO results and
the SR for the CQs classified under Template 1.
PS score of Template 1 CQs was attributed to two main reasons: (1) some barriers did
not exist in the systematic review and therefore unclassified in the ontology, whereas the
same were assigned categories in SR. For example, ‘obesity’ and ‘body image’ lacked a
category to which they belonged in the ontology, whereas SR classified them as health and
psychological barriers respectively; (2) while BO strictly categorizes each barrier into a
single barrier type, SR sometimes classified barriers into multiple barrier types e.g. barriers
‘dislike’ and ‘laziness’ are classified as both ‘personal barriers’ and ‘psychological barriers’.
In this case, BO results were found to only match one of the two barrier types determined
by SR. These two limitations (unclassified barrier and inconsistent barrier classifications)
are discussed in Chapter 6 (Section 6.4).
CQs in Template 1 are characterised by the subClassOf relation (i.e. the target
property identified in the competency question and used in formulation of the query that
retrieves answers from the ontology). In conclusion, we indicate that the subClassOf
relation appropriately captures the superior-subordinate relationships that exist between
the environment, personal barrier categories and their respective sub-barriers, with respect
to the domain expert knowledge. However, for the reasons of the low PS score stated above,
the relation does not capture all the sub-barriers under the health, physical and barrier
categories.
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5.3.2.2 Template 2
Template 2 constitutes CQs which query the ontology for barriers that prevent a patient
from performing a physical activity, based on the patient’s characteristics. Two example
CQs under this template are:
CQ 2.1: What is the expected barrier for a male patient who is 37 years old, has a full-time
job, lives with his wife and two children, and complains about not having friends to play
sports with, and no personal support for performing physical activity?
CQ 2.2: (What is the expected barrier for a person who has a full-time job, a minor injury,
and lives in a very crowded area with traffic issues? Their nearest sports centre or gym and
walking trails are more than an hour away by bus?).
Table 5.4 reveals answers corresponding to the above CQs from SR, along with BO
retrieved results.
Table 5.4: Potential barriers according to the Barrier Ontology (BO) and Survey Results
(SR) for scenarios 1 and 2 under Template 3. Ximplies a barrier is a hindrance to patient
in response to the CQs, whereas X is the opposite.
Scenario 1 (CQ 2.1) Scenario 2 (CQ 2.2)
Barriers BO SR BO SR
Lack of time X X X X
Lack of support X X - -
Lack of facility - - X X
Trans. problem - - X X
Pain e.g. injury - - X X
Percentage Similarity (PS) 100 % 75 %
Discussion. With reference to Table 5.4 and Figure 5.4, It is observed that answers from
the BO and SR are identical for CQ 2.1, producing a PS of 100%, whereas for CQ 2.2, only 3
out 4 answers were found to be identical between answers from BO and SR, producing a
PS of 75%.
CQs in Template 2 are characterised by DataType Properties (DTP) (i.e. the target
properties identified in the CQ and used in formulation of the query that retrieves answers
from the ontology). For example in CQ 2.1, the identified DTPs in the BO taxonomic
structure include: age, isMarriedWithChildren, hasFullTimeJob and isSocial. These DTPs
are respectively assigned values ‘under 60’, ‘yes’, ‘yes’ and ‘no’ respectively in the query
used to retrieve the barriers that the patient suffers. Upon comparing the BO retrieved
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barriers (i.e. barriers linked to these DTP values) to barriers in SR, a maximum PS score
is obtained indicating that the relations (DTPs) and their literals are good representations
of the domain expert knowledge. On the other hand, for CQs 2.2 and 2.4 (Figure 5.4)
a lower PS value was obtained, signalling that knowledge which encapsulates the DTPs
responsible for answering the CQs 2.2 and 2.4 was inconsistent with the domain expert
knowledge. CQs in this template were characterised by 2 or more data properties reflecting
the multiple patient characteristics quoted in the CQs, that each contribute to the eventual
answer. We attribute the lower PS value to the aforementioned ambiguity and complex
nature of the CQ sentences for this template.

























Figure 5.4: Bar chart depicting the percentage similarity between the retrievable BO results
and the SR for the CQs under Template 3.
5.3.2.3 Template 3
Template 3 consists of CQs which query for barriers that prevent a patient from performing
a specific physical activity. Two example CQs for this template are:
CQ 3.1: What barriers prevent or limit people from performing ‘Football’, despite being
interested in this activity?
Question 3.2: What barriers prevent or limit people from performing ‘Swimming’, despite
being interested in this activity?
Tables 5.5 and 5.6 show the answers from both BO and SR for CQs 3.1 and 3.2, including
the percentage similarity.
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Table 5.5: Potential barriers to ‘Football’ activity according to Barrier Ontology (BO) and
Survey results (SR). Ximplies a barrier is a hindrance to patient in response to the CQ 4.1,
whereas X is the opposite.
No Barrier BO SR No Barrier BO SR
1 Feeling stressed or anxious X X 13 Dislike activity X X
2 Preference for other activities X X 14 Embarrassment X X
3 Lack of save places X X 15 Cold weather X X
4 Lack of transportation X X 16 Obesity X X
5 Poor access to exercise places X X 17 Full time job X X
6 Financial problem X X 18 Cultural norms X X
7 Feeling depressed X X 19 Asthma X X
8 Fatigue and tiredness X X 20 Old age X X
9 Lack of confidence X X 21 Lack Of skills X X
10 Hypoglycemia X X 22 Knee pain X X
11 Facilities and equipment cost X X 23 Body image X X
12 Lack of support/motivation X X 24 Laziness X X
Percentage Similarity (PS) = 83.33%
Table 5.6: Potential barriers to ‘Swimming’ activity according to Barrier Ontology (BO)
and Survey results (SR). Ximplies a barrier is a hindrance to patient in response to the
CQ 4.2, whereas X is the opposite.
No Barrier BO SR No Barrier BO SR
1 Lack of safe places X X 13 Back pain X X
2 Financial problem X X 14 Laziness X X
3 Preference of other activities X X 15 Heart rate X X
4 Lack of swimming pool X X 16 Hypoglycemia X X
5 Feeling stressed or anxious X X 17 Embarrassment X X
6 Lack of support/motivation X X 18 Old age X X
7 Lack of transportation X X 19 Cultural norms X X
8 Lack of confidence X X 20 Obesity X X
9 Home responsibilities X X 21 Body image X X
10 Fatigue and tiredness X X 22 Dislike activity X X
11 Lack of professional guidance X X 23 Feeling depressed X X
12 Facilities and equipment cost X X
Percentage Similarity (PS) = 82.60%
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Discussion. Tables 5.5 and 5.6 reveal a high overlap in the selections made by the experts
(SR) as well as answers retrieved from the ontology (BO) to CQ 3.1 (Football) and 3.2
(Swimming), producing a PS of 83.33% and 82.60% respectively. CQs under Template 3
are characterised by the prevents relation (the target property identified in the CQ), i.e.
they probe for the triples ‘Barrier prevents Physical Activity’, particularly retrieving the
domain of the prevents relation (barrier) given the range (physical activity).
The high PS scores (of at least 82%) as demonstrated in Figure 5.5 signalled that
triples of the prevents relation, particularly ‘Barrier prevents PhysicalActivity (where
{Football, Swimming, Y ardwork, Running} ∈ PhysicalActivity), reflect to a good degree
the knowledge of the domain experts in terms of which particular activities prevent which
particular barriers. The marginal differences between the BO and SR across all 4 CQs in
this template were attributed to the following: (1) knowledge representation is subjective,
especially in specialised domains such as health i.e. it can vary from one developer to
another. In our case, some classifications and relations inferred from the systematic review
(hence BO) differed slightly from those inferred from the SR; (2) Preferably, incorporating
domain expert knowledge at the ontology development phase would have ideally enhanced
the process of drawing knowledge pertaining to activity preventing barriers, which would
increase the chances of having higher PS during evaluation. This means that the knowledge
base on which the Barrier Ontology is built is now found to be less comprehensive than
required, though is still indeed sufficient (due to the good PS values that we obtain).




















Figure 5.5: Bar chart depicting the agreement rate between the retrievable BO results and
the survey results for all CQs under Template 3.
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5.3.2.4 Template 4
Template 4 CQs query the ontology for activities suitable for patients who encounter specific
barriers. Two example CQs under this template are:
CQ 4.1: What physical activity is suggested for the bad weather condition (‘Raining’)
barrier?
CQ 4.2: What physical activity is suggested for the lack of time (‘Home responsibilities’)
barrier?
Table 5.7 compares suggested alternative activities, including the percentage similarity,
for the bad weather condition (Raining) barrier (CQ 4.1) and Financial problem barrier
(CQ 4.2) for BO and SR.
Table 5.7: Suggested activities according to the Barrier Ontology (BO) and Survey Results
(SR) to limit bad weather condition barrier (CQ 4.1) and lack of time barrier (CQ 4.2)
under Template 4. Ximplies an activity is a suggestion to patient in response to the CQs,
whereas X is the opposite.
Bad weather (CQ 4.1) Lack of time (CQ 4.2)
Physical activities BO SR BO SR
Aerobic exercises - - X X
Occupational activities - - X X
Conditioning exercises X X - -
Home activities X X X X
Percentage Similarity (PS) 100% 67%
Discussion. Table 5.7 reveals a maximum PS of 100% for CQ 4.1, showing that both
BO and SR suggested the same activities for patients who encounter the Bad weather
barrier. On the other hand, the table also reveals a lower PS score of 67% for CQ 4.2,
as a result of BO and SR having only 2 identical barrier selections out 3. Template 4
CQs are characterised by the isSuggestedFor relation (the target property identified in
the CQ), i.e. they query for triples ‘Physical Activity isSuggestedFor Barrier’ particularly
retrieving the domain of this isSuggestedFor relation (Physical Activity) given the range
(Barrier). For example, CQ 4.1 “What physical activity is suggested for the bad weather
(Raining) barrier?” queries for the domain of the isSuggestedFor relation where the range is
“badWeatherCondition”. The significant PS scores obtained for CQ 4.1 (Bad weather) and
CQ 4.3 (Financial problem) (as demonstrated in Figure 5.6), indicated that the triples of
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the isSuggestedFor relation modelled in the ontology are reflective of the domain expert
knowledge for these particular CQs, whereas the low PS scores obtained in CQ 4.2 and
CQ 4.4 (as also demonstrated in Figure 5.6) indicated the knowledge captured by the
relation was inconsistent with the domain expert knowledge for these CQs. Similar to the
inconsistency between BO and SR in Template 3, this inconsistency was also attributed
to the fact that knowledge representation is subjective, especially in specialised domains
such as health, and that knowledge pertaining to suitable activities for barriers in the BO
(inferred from the systematic review) varied from that captured from the experts in SR.






















Figure 5.6: Bar chart depicting the agreement rate between the retrievable BO results and
the survey results for all CQs under Template 4.
5.3.3 Conclusion of Competency Question Evaluation
The CQs technique evaluates the ability of the Barrier Ontology to satisfy its functional
requirements (Section 5.2). A set of CQs corresponding to different functional requirements
were constructed. Using SPARQL, answers to the CQs were successfully retrieved from
the ontology, hence validating the functional purpose set out for the ontology, as discussed
in Chapter 4 (Section 4.2). After this, we probed for the authenticity and validity of the
retrievable results by eliciting domain expert knowledge (from a survey) in form of answers
to the same CQs. This approach is often referred to as assessment by humans in previous
studies [37].
We quantify the agreement between 30 domain experts and the ontology by using a
Percentage Similarity (PS) value, which is the number of exact matching items within
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answers retrieved from the two sources (ontology and survey) expressed as a percentage of
the combined total number of unique answers. This PS metric is a measure of relatedness
or agreement between domain expert answers and ontology’s answers to 16 CQs categorised
under 4 different templates. As observed in the results presented, we report a significant
agreement between the two for majority of the CQs. However, we also report a disagreement
on two CQs (1.4 and 4.4), where a low PS was discovered between results from the ontology
and those from the Survey. Outstanding similarity scores are obtained for Template 3
CQs, implying domain experts largely agree with the ontology’s content retrieved for the
template CQs.
As a part of the survey feedback, the survey was notably commended by the domain
experts, with many of them expressing their satisfaction in the overall questioning.
5.4 Summary
This chapter embarked on validating the developed Barrier Ontology as a classification
structure representative of the domain ‘barriers to physical activity for T2D patients". The
chapter extensively narrates how two methodologies are used for evaluation of the Barrier
Ontology, namely data-driven evaluation and competency question-based evaluation. Using
the data-driven strategy, we evaluated the congruence of the Barrier Ontology with a corpus
(collection of text) that was representative of the domain we investigate. This corpus was
generated from 15 website articles that were completely exclusive of the articles we used
in the systematic review (Section 4.3.2). We report a high score of the harmonic mean
between precision and recall (72%) which is emblematic of the co-occurrence of terms across
both the ontology and the corpus, thus giving us confidence that the ontology successfully
conceptualised the subject domain as required by the first sub research question of the
thesis (How can we build the Barrier Ontology to specifically conceptualise the subject
domain “barriers to physical activity for T2D?”).
The CQs-based evaluation focused on evaluating whether the ontology achieves its
purpose as declared in the functional requirements. We probed for answers to a set of 16
CQs that reflected the functional requirements. These answers were retrieved from the
Barrier Ontology and from 30 domain experts via an online survey. The answers from the
two avenues (Barrier Ontology and domain experts) were carefully compared mainly to
measure their extent of agreement. We report generally high agreement, in terms of a PS
value, between the two avenues for answers to the CQs. For instance, a PS of 82.60% was
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obtained for CQs (e.g. CQ 3.2) that probed for barriers which prevent physical activity.
Based on the encouraging results of the evaluation discussed above, it can therefore be
conclusively argued that the ontology is a good fit for the domain.
Within this chapter, the fourth sub-research question (How can we evaluate our method-
ology, and offer general suggestions for ontology developers?) is answered by using the two




This thesis addressed a gap in the research on the digitalisation of behavioural health
interventions, by concentrating on a model of the barriers which inhibit successful adoption
of behaviour intervention techniques. We highlighted that prior work, most notably the
taxonomy of Behaviour Change Techniques (BCT) [168], placed much emphasis in modelling
behaviour change and maintenance, yet barriers to said behaviour change have received
relatively little attention. This challenge chiefly motivates the work covered in the study,
that is the design and delivery of a suitable knowledge base of behavioural barriers, which
can then complement existing similar artefacts conceptualising behavioural models. This
culminates into a novel "Barrier Ontology", built around the scenario of physical activity
behaviour for Type 2 Diabetes (T2D), and evaluated by means of a number of techniques.
This chapter summarises the work presented in this thesis. Section 6.2 provides a
summary of each chapter, Section 6.3 reviews the questions in the thesis and show how
these were addressed and answered, followed by a discussion on the limitations encountered
while undertaking the work. Finally, Section 6.5 discusses possible future directions that
build upon the work presented in the thesis.
6.2 Summary of Thesis
Chapter 1 set the scene for the thesis, giving a general overview of topics related to the
study, from the behavioural psychology literature, such as behaviour, behaviour change,
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behaviour change techniques, and from the scenario literature, on the impact of physical
activity on Type 2 Diabetes (T2D). This served as background for presenting the research
problem and motivation for the study, which was summarised in the research question:
“How can we use ontologies to formalise the impact barriers have on behaviour change
(developed in psychology) and underlying assumptions in a machine-readable format, to
support health informatics applications?". This research question was further divided
into several sub-questions, handled throughout the thesis. Chapter 1 also summarises key
contributions towards the behavioural and behavioural change domain that emerge from
this thesis.
Chapter 2 presented more thoroughly background material relevant to the thesis. The
chapter started with a review of human behaviour and its complexity, being as it is
influenced by several external and internal factors. Three seminal models to understand
behaviour were described, along with a discussion on how it is possible to legally and
ethically influence either change or maintenance of particular behaviour activities: the
Capability, Opportunity and Motivation-Behaviour (COM-B) model, the Health Belief
Model (HBM), and the Transtheoretical model (TTM) (or stage of change model). We also
introduced an important collaborative effort to report on interventions to change behaviour,
the Behaviour Change Techniques taxonomy [168], which constitutes the point of departure
for our study, and we observed that the notion of barriers is not sufficiently represented,
and how this potentially prevents interventions from being fully successful in the long term.
Chapter 3 moves to the more computational side of the work, and introduced research
on Ontology engineering, starting with presenting the various definitions and terminology
around computaional ontologies, and then exhaustively details the “Ontology Develop-
ment 101” methodology [192], which would eventually guide the development of the “Barriers
Ontology”, output of our work. This chapter also discusses the evaluation techniques that
can be used for evaluating ontologies. Finally, some efforts consisting of either taxonomies
or ontologies related to behaviour and behaviour change were reviewed.
Chapter 4 provides a full account of the process and final result of the task of creating
an ontology of barriers, starting with the functional and non-functional requirements, then
introducing the high-level conceptual model, and finally detailing the development of the
Barrier Ontology itself. This included also the description of the domain and scope of the
ontology, which we identified barriers to the physical activity behaviour and managing
T2D. The chapter describes a systematic review that was carried out, aimed to acquire
the terms and relations, as well as the high level concepts of the ontology, and the existing
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ontologies that were re-used, in conformity with the best practices described in the “Ontology
Development 101” methodology that we have followed.
Chapter 5 provides a full evaluation of the Barrier Ontology, created in Chapter 4.
Particularly, it thoroughly discusses the methodologies selected for evaluation of the Barrier
Ontology i.e. data-driven evaluation and competency question (CQ) evaluation. The
data-driven approach aims to align the ontology with a separate collection of text (corpus)
representative of the ontology’s domain. The alignment was performed by measuring the
semantic similarity and the syntactical similarity of words across the ontology and the
corpus. The CQs approach involved formulating a set of questions which the ontology
was expected to correctly address. We therefore evaluated the ontology by examining how
comparable the answers it provides were to answers from domain experts (through an online
survey questionnaire) for each CQ. The chapter concluded indicating how both evaluation
approaches successfully proved the suitability of purpose of the Barrier Ontology.
6.3 Main Findings and Contributions
In this section, we consolidate the main contributions of this work. The contributions of
this thesis come from research that was carried out in order to answer the following central
research question:
“How can we use ontologies to formalise the notion of barriers to behaviour
change and their underlying assumptions in a machine-readable format to support
health informatics applications?"
The central question was divided into several sub-questions, each contributing to answering
the central research question. In answering the research questions, scientific results and
findings were obtained. We first list the contributions, before presenting each sub-question
independently, presenting the associated findings in terms of the particular question. We
then present the results in terms of the initial, central research question that drives the
thesis. The main contributions of the thesis are:
1. A taxonomy of generic barriers to behavioural change, which provides the foundation
for the ontology.
2. The identification of assumptions within the barrier’s domain knowledge, and their
explicit modelling within the ontology.
3. A comprehensive analysis that annotates relations between barriers and physical
activities for T2D patients, enabling researchers and software developers to gain a
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greater understanding of the underlying information structure.
4. The introduction of a hybrid re-usable framework for building and evaluating an
ontology driven from data.
‘How can we build an ontology of “barriers to physical activity for T2D pa-
tients?’. The thesis proposes a conceptual barrier model (Section 4.3) that encapsulates
high level information pertaining to the domain i.e. barriers, physical activities, and T2D
patients. Using a strategic systematic review, we build a vocabulary of terms used in
the domain, identifying six most common barrier categories including health, physical,
environmental, psychological, and personal barriers. We further identified and mapped
terms within the vocabulary to the different barrier categories, forming a hierarchical
classification. Using Tables A.1 and A.2, we provide evidential quotes (extracted from
various references reviewed) necessary for supporting the induced ‘subClassOf’ relation
between a term and the barrier category. These induced hierarchies were directly inherited
during the development of the Barriers Ontology.
‘How can we demonstrate the use of a formal methodology, including the notion
of ontology reuse, to objectively support the Barrier Ontology?’. As mentioned
in Chapter 3, it is possible to supplement an ontology by integration of existing ontologies,
which enhances the applicability and usability of the original ontology, and eliminates the
need of creating a new model from scratch. The use of this capability represents good
practice in ontology development and can be quite powerful when used properly, but will
also save effort [113, 192]. Therefore, existing ontologies were imported and integrated into
three concepts of the conceptual model. We import the physical activity ontology, GUMO
and the human disease ontology (Section 4.3.3), which present the concepts of physical
activity, patient or user, and diseases, respectively.
‘How can we use the Barrier Ontology to produce suitable recommendations
of physical activities which take into account barriers to such physical activity
from T2D patients?’. Identifying the barriers related to behaviour change (e.g. physical
activity) without managing or overcoming these barriers is not enough [163, 222]. So, in
addition to identifying barriers to physical activity, this work identifies physical activities
that limit the impact of these barriers. The ontology therefore addresses the requirement
“of identifying barriers and suggesting physical activities to limit identified barriers”. The
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systematic review is a critical building block in which we identify the relations between
concepts, which in turn are necessary in satisfying the stated requirement. Evidential
quotes from references supporting the relations are provided in Chapter 4. For example,
‘Indoor activities’ is a suggested activity for the ‘Cultural norms’ barrier [240]; this source
also notes “exercises that can be performed easily indoors should also be introduced as an
alternative to outdoor exercise”. This is one of several examples identifying relations which
are later inherited into the Barrier Ontology. .
‘How can we evaluate our methodology, and offer general suggestions for on-
tology developers?’. Two different approaches were used to evaluate the proposed
conceptual barrier model (ontology): the data-driven approach, and the CQs techniques.
The results of the data-driven approach were encouraging, with 72% of the modelled barriers’
terms discovered to be similar to terms extracted from a corpus of text collected from
random venues. The CQs evaluated the capability of the Barrier Ontology to achieve its
purpose. We measured the similarity between results retrieved from the Barrier Ontology
with those we elicited from domain experts through a survey. Our analysis revealed that in
most cases, ontology-oriented results correlated with domain-expert oriented results to the
CQs. Chapter 5 and Appendix B contain further details regarding this sub-question.
Returning to the central research question, we state that it was possible to formalise
the barriers to behaviour change (and their assumptions) into a machine-readable format,
using an ontology to support health informatics applications and the process to do so was
demonstrated in the thesis.
6.4 Limitations of the Work
The deliverables produced with this thesis are evidence of how various approaches, frame-
works and methodologies could be successfully used together towards a goal. Nevertheless,
a number of limitations were encountered, particularly during the extensive systematic
review that identified concepts and relations, as well as in the ontology evaluation phase.
Below is a discussion of the main limitations, organised based on the phase of ontology
development in which we encountered them:
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6.4.1 Domain and Scoping Review of The Barrier Ontology
Inadequate Domain Knowledge: The high-level domain of behaviour as it pertains
to health is broad and heavily resourced, however it is also very subjective and sensitive.
The data gathered is sourced solely from existing literature i.e. domain experts are not
consulted for any data or divergent views on the subject to enrich our data repository.
Interviews with experts would have potentially broadened the scope of the collected data
used in building the ontology. Furthermore, none of the project stakeholders had sufficient
knowledge in health and behaviour subject matters, such as physical activity as a behaviour
and Diabetes, which prolonged the process of gathering resources necessary for building the
knowledge base of the Barrier Ontology.
Inconsistent Barrier Classifications: As a result of the absence of a standardized
barrier classification, some of the identified barriers are classified differently by different
authors. For example, ‘lack of time’ or ‘time restriction’ was classified as an environmental
barrier by [74], and on other occasions it was classified as a personal barrier by [12, 25].
This limitation was managed by opting for the most popular classification for a barrier
across the reviewed studies. Personal barrier was more popular than Environmental barrier
for the ‘lack of time’ scenario. While this is limitation on the quality of the final output, it
however testifies to the complexity of the domain, and the need of systematic approach
rather than an ad-hoc solution.
Unclassified Barrier Concepts: For some of the identified barriers, none of the reviewed
studies contained information that classified them into any one of the six identified barrier
categories. Examples of such barriers were ‘obesity’ or ‘overweight’ and ‘body image’.
Analysis of feedback from domain experts via the survey (Section 5.3.2) provided insight in
the classifications suitable for the originally unclassified barrier.
6.4.2 Evaluation Phase
Ambiguity in Survey Responses: Some of the identified barriers were classified differ-
ently by different survey participants in response to the online survey question that required
participants to classify barriers (covered under competency question-based evaluation). For
example, the barrier “dislike” was classified as a Personal Barrier by 40% of the survey
participants and as a Psychological Barrier by 57% of the participants. This inconsistency
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can be dealt with by retaining the classification that received the largest amount of nomi-
nations. We note that this ambiguity mirrors the same ambiguity in the systematic survey,
which again confirms this domain is a complex one.
Ambiguity in Evaluating Natural-Language Relations: Literature does not em-
phatically suggest any particular level of granularity to satisfactorily validate a relation as
one that represents the knowledge domain of an ontology [38]. A majority of the relations
are difficult to evaluate using the data driven evaluation approach because they are phrases
of either 4 or more words, hence carrying a lot of contextual information; “Embarrassment
is a Social Barrier”, “Facilities and equipment cost prevents Aerobic Exercise”, “Walking is
suggested for Lack of time” are examples of relations in the ontology that are difficult to
evaluate using a data driven approach. Probing for semantically similar relation examples
to the three example sentences in a corpus was difficult to achieve, especially without a
benchmark of required granularity.
6.5 Future work
In this section, we detail potential future work on the Barriers Ontology, centred around
additional research questions. For building upon the Barriers Ontology, we look to answer
the following questions:
1. How can we improve the maintenance techniques employed in the Barriers Ontology?
2. How can we integrate emergent artefacts and therefore expand the knowledge base of
the Barrier Ontology?
3. How can we improve the readability and usability of the Barrier Ontology?
4. How can we answer the second and third sub-questions efficiently?
6.5.1 Improving Maintenance Techniques
This work successfully built an ontology to support behaviour change interventions focusing
on barriers to physical activity, i.e. Barrier Ontology. This was achieved while employing the
"Ontology Development 101" process, a well-known approach for systematically developing
domain-based ontologies [192]. Populating the ontology was a notably laborious exercise that
involved a manual systematic review of 845 studies identified from five different electronic
databases. Going forward, for purposes of ontology maintenance, one should consider
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adopting automatic ontology population approaches to populate the Barrier Ontology.
Despite posing challenges, such as duplicated information across documents, and redundant
annotations [115], we find that the automatic extraction of concepts and terms from diverse
web resources is a more effective and efficient approach for determining the important terms
in a domain [51, 124]. Popularly referred to as ontology learning, ontology developers have
employed a hybrid of machine learning and statistical approaches to populate ontologies
extracting concepts and relations from resources such as twitter data [118]. Currently,
there is a variety of information retrieval tools that support automatically populating an
ontology, which would therefore be useful in tackling our challenge. One technique we may
consider is from the Artequakt project [7]. The project proposed an extraction tool that
searches online documents and extracts the knowledge that matches the given classification
structure, providing it in a machine-readable format to be automatically maintained in a
Knowledge Base (KB) [7].
6.5.2 Expanding the Knowledge Base
Ontologies are inevitably subject to constant changes, with many researchers in the ontology
engineering space claiming that ontologies are confronted by evolution [85] and [191]. In
order to address this, one should plan on the addition of concepts and relations imperative
to the domain that are currently absent. This essentially will involve the exploration of
techniques that leverage some form of data mining, such as Natural Language Processing
and Machine Learning, because of their ability to detect hidden information from large
textual data [152]. An initial starting point for this particular task is utilizing readily
available tools such as GRAMEXCO [85], a document classification model that performs
text analysis to extract highly semantically related terms.
6.5.3 Refinement of the Barrier ontology
Ontology refinement is a vitally important maintenance strategy that can improve the
readability and usability of the ontology and support its evolution to cover new unseen
concepts and constraints. Having imported existing ontologies into the Barrier Ontology, i.e.
the disease ontology, physical activity ontology and the general user model ontology, there’s
a need to refine the ontological entities in order to retain relevant elements imperative to
the application domain. Refinement consists of re-learning the meaning or interpretation of
the terms and concepts in the ontology, ensuring that none of the words or terms (especially
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unknown words) share a similar conceptual behaviour e.g. (Hypoglycaemia and Blood
glucose lowering). The Text-To-Onto ontology engineering framework [152] effectively
facilitates ontology refinement, and therefore can potentially be useful in further evolution
of the Barrier Ontology.
The refinement process shall further embark on critically assessing the hierarchical
relations within the Barrier Ontology. Focusing on the consistency of is-a hierarchies is a
recommended guideline [176]. Takeshi develops a reliable system to achieve an evaluation
of is-a hierarchies (e.g. Hypoglycaemia is-a health barrier [75, 143]). It requires answering
the following two research questions, (1) how to find components that violate the criteria
consistency guidelines for classification and (2) how to formulate refinement proposals for
each inconsistent component automatically.
6.5.4 Sourcing collaboration and publishing the ontology
This work undertook extensive analysis of two health subjects: physical activity as a
behaviour, and a form of diabetes called T2D. This culminated into an ontology that
conceptualises a domain we called barriers to physical activity for T2D patients. Therefore,
upon completion, we aim to publish the stable version of the ontology. This will help to
entice interested people (especially medics or health-modelling experts) to collaboratively
contribute to our work, hence improve its usability. It will also help to gather feedback
from research fellows who contribute to public ontology libraries or publishing platforms.
Working with domain experts would validate and cement the knowledge base we propose
in this research. We plan on adopting a framework intuitively designed by Noy et al. [191]
to support collaborative ontology editing in various modes, such as synchronous and
asynchronous editing (allows users to view each other’s changes). This process allows
rigorous examining of the ontology’s functional requirements.
Publishing the ontology to be reviewed by other researchers is a step that will be
undertaken immediately. At the moment, BioPortal1 and OBO Foundry2 are the open-
source repositories we are currently considering for this, however we aim to publish the
Barrier Ontology to many repositories, requesting the respective communities to comment on
all entities and presentation of the ontology. To our benefit, Protégé (the main development




Informatics research [190]. This subsequently has enabled bridging of the different ontology
engineering lifecycle elements, such as publishing and editing. While using this platform,
it’s possible to populate the ontology using content from other published ontologies.
Whilst T2D is the dominant form of Diabetes, it is not the only form of the disease.
As mentioned in Chapter 4, other types of diabetes include type 1 diabetes, gestational
diabetes, mellitus and monogenic diabetes syndromes [16, 200]. Our future endeavours
shall embark on incorporating the diabetes disease as a whole, thereby conducting case
studies to analyse what limits or barriers to physical activity are prevalent among patients,
irrespective of their diabetic form. The planned automatic approach of populating the
ontology with new terms and concepts would be beneficial to this aim.
6.6 Summary
Motivated by the vivid fact that barriers are inadequately catered for in both recent and
current behavioural models, we embarked on systematically developing a knowledge base to
contain knowledge suitable for addressing behavioural barriers. We have built the “Barriers
to Physical Activity for T2D Diabetes patients” ontology that we expect to complement
existing behavioural change models, and ultimately enhance the interpretation attached to
several theories in the domain of understanding behaviour. Information readily retrievable
from the ontology includes the classifications of barriers, which barriers prevent which
activities, as well as which activities limit the negative impact of barriers.
We successfully evaluated the ontology proposed using a data-driven approach and a
competency questions approach, with the latter being supplemented by domain expert
knowledge gathered through an online survey questionnaire. The limitations of this work
were mitigated, as is clearly highlighted in Section 6.4. We expect that future work will not
only maintain the ontology, but will allow for collaboration with other ontology developers
and behavioural health domain experts to further the study human behavioural change.
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Appendix A
Systematic Review





...potential health issues and training on potential risks
such as hypoglycemia...[74].
Medical condition
other than T2D (e.g.
heart attack)
...medical conditions, such as asthma and heart
disease...[12].
...Clinical characteristics/comorbidities (heart disease,
hypertension, arthritis) [203].
...medical outcome variables (e.g., blood pressure,
HbA1c, BMI) [75].
Environmental Barrier
Bad weather condition ...environment influences included..., weather,...[22].
Lack of safety (e.g.
gang activity)
...environmental considerations such as...safety... [143].
For some participants,...gang activity,...were environ-
mental barriers [172].
Environment...Street safety-women felt unsafe to walk
alone in the city [25].
Continued on next page
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Table A.1 – Continued from previous page
Barrier Source Quotation
Lack of facility or
equipment
For some participants,...lack of facilities were environ-
mental barriers [172].




- Common obstacles include...,environmental considera-
tions such as .... cost...[143].
Transportation prob-
lem
For some participants, traffic..., and transportation
were environmental barriers [172].
Personal Barrier
Lack of knowledge Individual...information about the benefits of exer-
cise.. [25].
Interpersonal level factors...(e.g. lack of guidance from
a professional) [29].
Lack of time Personal barriers....lack of time: there is no time be-
cause there is a lot of housework [12].
Old age Individual...(e.g. old age) [25].
Dislike, lack of enjoy-
ment or lack of interest
Other important intrapersonal factors, particularly re-
garding the use of PA programs, included personal
preferences, likes/ dislikes, intimidation, and personal
history with PA. For example, some participants did
not like gyms and/or group activities [29].
Financial problem Individual...(e.g. lack of money) [25].
Laziness Individual....Laziness.. [25].
Preference for other ac-
tivities
Other important intrapersonal factors, particularly re-
garding the use of PA programs, included personal
preferences... [29].
Physical Barrier
Pain (e.g. injury) Physical...(e.g. pain,...risk of injury) [29].
Fatigue and tiredness ...physical symptoms of fatigue, hip/knee pain, or back
pain [203].
Continued on next page
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Table A.1 – Continued from previous page
Barrier Source Quotation
Psychological Barrier
Lack of self-efficacy Psychosocial factors included self-efficacy... [108].
Feeling depressed Psychosocial Factors:...Affective disorders such
as...depression tend to be inversely associated with
physical activity participation at any age (50-52) [70].
Feeling stressed or anx-
ious




Lack of support or mo-
tivation
Barriers: cultural/social: Another barrier re-
ported...lack of social support for exercise... [25].
Cultural norms Barriers: cultural/social: Cultural norms and expec-
tations regarding women’s roles were also viewed as
barriers to physical activity [25].
Embarrassment Social and Cultural: The females said they were em-
barrassed [159].
Socially, embarrassment,... were common reasons for
not engaging in PA [159].




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Additional Details of the Barrier
Ontology Evaluation
B.1 Introduction
In Chapter 5, we applied two approaches for evaluation of the Barrier Ontology: the
data-driven approach, and the competency questions (CQs) technique. The data-driven
approach was applied to evaluate the terms or vocabularies of the Barrier Ontology. Due
to the limits of the data-driven approach, CQs are used to evaluate the ontology’s ability
to achieve its full purpose with quality and correctness. CQs are used to evaluate the
consistency and integration among existing ontologies. Chapter 5 (Section 5.3.2) presents 4
templates of CQ, with two examples given for each (i.e. 8 CQs in total), ensuring the
domain of the barrier is covered.
This appendix presents more details about both evaluation studies. For the data-driven
approach, Section B.2 starts with a list of the 15 websites that were obtained via the search
query ‘barriers to physical activity for Type 2 Diabetes (T2D) patients‘ through the Google
search engine1. This is followed by presenting the complete table of the similarity between
the Barrier Ontology and corpus. In addition, this appendix presents further details about
the CQ technique. In Section B.3, 16 CQs are applied to evaluate the ability of the Barrier
Ontology to achieve its requirements. An online survey is published principally to evaluate





The data-driven approach is the second type of evaluation that is used to evaluate the
Barrier Ontology. The Barrier Ontology was compared with existing data (the corpus) in
the same domain. The terms or vocabularies of the Barrier Ontology are evaluated using
the data-driven approach. We now give additional details about applying this approach to
evaluate the Barrier Ontology.
Similarities between the Barrier Ontology and corpus: As part of the evaluation
using the data-driven approach (Section 5.1), the Barrier Ontology was compared with the
corpus. There was approximately 72% similarity (F1-score) between the Barrier Ontology
and corpus. A full summary of these similarities is provided in Table B.1.
Table B.1: The complete similarity between terms of the Barrier Ontology and the corpus
Type of similarity No. Ontology Corpus
Syntactical
1 Hypoglycaemia Hypoglycaemia
2 Heart disease Heart disease
3 Pain (injury, knee) Pain (injury, knee)







10 Lack of safety Safety (of your home)
11 Cost of equipments Cost of sport equipments
12 Dislike Disliking
13 Feeling lazy Laziness
14 Body image Body fat
15 Cultural norms cultural issues
16 Lack of facilities Lack of sport facilities
17 Lack of self-efficacy low perceived self-efficacy
18 Lack of motivation Motivation
19 Weather condition Climatic condition
Extraction of Text Corpus: A text corpus is extracted from the knowledge domain on
which the Barrier Ontology is based. This corpus was generated from 15 website articles,
after removing two duplicate sites. It is worthy to note that, these sites are completely
exclusive of the articles we used in the systematic review (Section 4.3.2). The 15 crawled
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websites are obtained through the Google search engine using combinations of keywords
such as, ‘barrier’ or ‘obstacle’, and ‘physical activity’ or ‘exercise’. Table B.2 lists these 15
websites, including the associated Uniform Resource Locator (URL) and content type (i.e.






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B.3 Competency Questions Technique
We present 16 competency questions (CQs) in total, each fitting into one of four CQ
templates detailed in Section 5.3.2. Each template is responsible for verifying that a specific
requirement (Section 4.2) of the Barrier Ontology has been met. These CQs were (1):
transformed into formal queries (SPARQL) and run using Protégé (Section 3.6) to retrieve
their answers from the ontology and (2): used for creating a survey questionnaire in
which domain experts (physicians, clinicians and academics, etc.) provide feedback in the
form of answers to the CQs. Important to note that, the minimum threshold of votes
(survey responses) required to consider an answer is set at 10 votes (approximately 33%
of 30 total participants), implying that answers having fewer responses are excluded from
the analysis. This section supplements the content covered in CQ evaluation section of
Chapter 5 (Section 5.3). It is organised as follows: a narration of the design of the online
survey questionnaire used to elicit knowledge in form of answers to CQs from experts,
followed by template CQs, their respective queries and results (BO), then survey results
(SR) to the CQs. Finally a table for each template that reveals how BO answers varied
from SR answers. The intrinsic analytic comparison discussion between BO and SR is
covered under the discussion sections of each template in Chapter 5.
B.3.1 Survey Design and Content
The online survey questionnaire is a mixture of both structured (fixed responses) and
non-structured (open-ended) questions. Each question was constructed on the basis of at
least one functional requirement of the ontology and to supplement one or more CQs used
in evaluation of the ontology. Survey questions, with their corresponding CQ and functional
requirements, are presented in Table B.3.
The aim of following this pattern in creating the survey was to uphold the coherence of
the propositions, results and evaluation in the thesis. For instance, given the above scenario,
we shall determine the extent to which the results obtained by the ontology matched the
survey-oriented results. Table B.3 describes how survey questions were developed with
respect to functional requirements and CQs. It additionally consists of the particular
relation responsible for establishing the links necessary to retrieve answers to the CQ. In
other words, the quoted relation forms the underlying links between the ontology classes to
be checked when answering the CQ. In addition to the various question formats used i.e.
multiple choice, fixed response and open-ended, the questions were organised in an order
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that could be sequentially comprehended by participants, thereby starting with questions
querying the participants’ occupation, followed by subject-related queries, and finishing with
survey evaluation feedback questions. Besides the participant’s profession and qualification,
questions requesting personal information such as name, age, gender, background were
excluded from the survey.
An ethics approval from the University of Liverpool, Department of Ethics2, has been
obtained to conduct the online survey titled “Ontology to Support Behaviour Change
Intervention: Barriers to Activity”, which we built and published using a web-based
platform (AllCounted3).
We utilise purposive sampling, a non-probability sampling technique to identify par-
ticipants or the target group for the online survey. While probability sampling gathers
participants randomly, non-probability sampling is more discriminative in its selection
process. Purposive sampling is a criterion based non-probability sampling where researchers
select an information-rich data source for participation [251]. This survey targets qualified
professionals aged 18+ in the following occupations: clinical psychologist, psychiatrist,
endocrinologist, diabetes specialist, other medical doctor, mental health nurses, other nurses,
allied health care professional and academic researchers. Other people included in the target
group were people who had keen interest in T2D. A comprehensive review and analysis of
the survey results is given in Chapter 5 (Section 5.3.2).
Table B.3: A table of various CQs of each template, with their corresponding survey ques-
tions, target relations, and the ontological functional requirements they satisfy. Additional
comments narrating how survey questions are derived from CQs are included as Meta-data.
Functional require-
ments
To classify the identified barriers into one of the six main
categories (Health, Environmental barriers, etc.).
Template 1 CQ 1.1: What barriers are classified as ‘Health’ barrier?
CQ 1.2 What barriers are classified as ‘Environmental’
barrier?




Table B.3 – Continued from previous page
Survey question For each barrier (listed on the left) please select the
category (listed along the top) that you believe is the
most appropriate. You can select a category by clicking
or tapping on the radio button. You can select only one
category for each barrier and leave blank any barrier for
which you are unsure.
Meta-data Each CQ under Template 1 precisely requires barriers
that belong to a single barrier type or category. For
example, CQ 1.1. requires barriers belonging to the
“Health Barriers” type, CQ 1.2 requires barriers of type
“Environmental barriers” etc. We design a single survey
question in which participants are required to classify
barriers into barrier types or categories.
Target relation subClassOf
Functional requirement To identify the barriers, based on user characteristics,
that may limit the user from performance of physical
activity.
Template 2 CQ 2.1: What is the expected barrier for a male patient
who is 37 years old, has a full-time job, lives with his
wife and two children, and complains about not having
friends to play sports with, and no personal support for
performing physical activity?
Survey question What barriers are experienced by patient in scenario
below? "Tony is aged 37, married, and a full-time office
worker who usually works overtime at the weekend. He
lives with his wife and two children, aged 2 and 5. He
is in good health and does not suffer from any diseases.
Tony complains about not having friends to play sports
with, nor any personal support for performing physical
activity.
Continued on next page
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Table B.3 – Continued from previous page
Meta-data The CQs in Template 2 require barriers that impede a
patient’s engagement in physical activity, given various
characteristics or attributes of a patient. For each CQ, a
survey question (in the form of a scenario) is designed to
include all the key patient characteristics in the CQ, and
thereby ask survey participants to respond indicating
which barriers they expect the patient to experience. For
example, in the CQ 3.1 scenario presented above partic-
ipants respond with potential barriers to the patient’s
physical activity engagement. Two CQs and correspond-
ing scenarios for Template 3 are presented and analysed
in Chapter 5, and 2 others in this appendix.
Target relation BarrierSign sub-property relations (e.g. age, hasFull-
TimeJob, isMarriedWithChildren, isSocial)
Functional requirement To recognise barriers that prevent performance of a spe-
cific type of activity.
Template 3 CQ 3.1: What are the barriers that prevent or limit peo-
ple from performing ‘Football’, despite being interested
in this activity?
CQ 3.2: What are the barriers that prevent or limit peo-
ple from performing ‘Swimming’, despite being interested
in this activity?
Survey question For each barrier (listed on the left), please select which
activity types (listed along the top) you believe the
barrier could prevent people to engage into. For each
barrier, you may select multiple answers. Leave blank
the boxes for any barrier for which you are unsure.
Continued on next page
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Table B.3 – Continued from previous page
Meta-data The 2 CQs require barriers that prevent a single physical
activity each i.e. football (CQ 3.1), swimming (CQ 3.2)
etc. However, we design the corresponding survey ques-
tion to probe for barriers that categorically prevent sev-
eral physical activities presented in CQs within the tem-
plate, i.e. the survey question requires barriers that
prevent aerobic athletic sports (e.g. football for CQ 3.1)
and conditioning exercises (e.g. swimming for CQ 3.2)
etc.
Target relation prevents relation
Functional requirement To suggest activities to limit identified barriers.
Template 4 CQ 4.1: What physical activity is suggested for the bad
weather condition (‘Raining’) barrier?
CQ 4.2: What physical activity is suggested for the lack
of time (‘Home responsibilities’) barrier?
Survey question For each barrier (listed on the left), please select which
activity types (listed along the top) you believe could
be ‘Suggested’ to people experiencing the barrier, to
mitigate the barrier’s effect. For each barrier, you may
select multiple answers. Leave blank the boxes for any
barrier for which you are unsure.
Continued on next page
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Table B.3 – Continued from previous page
Meta-data Similar to Template 3, the 2 CQs above require activities
that are suitable for a single barrier each, bad weather
condition (Raining) in the case of CQ 4.1, lack of time
(Home responsibilities) in CQ 4.2 etc. The corresponding
survey question (for this templates CQs) is designed to
probe for suitable activities suggested for people expe-
riencing several barriers (including those stated in the
distinguished CQs within the template) and many other
barriers in the ontology. Contextually, the survey ques-
tion requests participants suggest activities for patients
experiencing bad weather condition (CQ 4.1), lack of
time (CQ 4.2) etc. We consider the subset of the answers
to the survey question for each CQ. For instance, for
CQ 4.1, we concentrate on activities suggested for bad
weather condition.
Target relation isSuggestedFor relation
B.3.2 Templates of Competency Questions
B.3.2.1 Template 1
Below are the SPARQL queries corresponding to each CQ under template 1:
CQ 1.1: What barriers are classified as ‘Health’ barrier?
1 Query 1.1:
2 SELECT distinct ?Barrier
3 WHERE {
4 {? Barrier rdfs:subClassOf :HealthBarrier}
5 UNION
6 {? Barrier rdf:type :HealthBarrier}
7 }
Query 1.2 results:
- MedicalCondition - Hypoglycemia
CQ 1.2: What barriers are classified as ‘Environmental’ barrier?
1 Query 1.2:
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2 SELECT distinct ?Barrier
3 WHERE {
4 {? Barrier rdfs:subClassOf :EnvironmentalBarrier}
5 UNION
6 {? Barrier rdf:type :EnvironmentalBarrier}
7 }
Query 1.2 results:
- LackOfSafety - LackOfFacilityAndEquipment
- BadWeatherCondition - FacilitiesAndEquipmentCost
- TransportationProblem
CQ 1.3: What barriers are classified as ‘Personal’ barrier?
1 Query 1.3:
2 SELECT distinct ?Barrier
3 WHERE {
4 {? Barrier rdfs:subClassOf :PersonalBarrier}
5 UNION
6 {? Barrier rdf:type :PersonalBarrier}
7 }
Query 1.3 results:
- OldAge - Laziness
- LackOfKnowledge - FinancialProblem
- LackOfTime - DislikeActivity
- PreferencesForOtherActivities
CQ 1.4: What barriers are classified as ‘Physical’ barrier?
1 Query 1.4:
2 SELECT distinct ?Barrier
3 WHERE {
4 {? Barrier rdfs:subClassOf :PhysicalBarrier}
5 UNION
6 {? Barrier rdf:type :PhysicalBarrier}
7 }
Query 1.4 results:
- PhysicalPain - FatigueAndTiredness
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Survey Results (SR) and comparison with Barrier Ontology (BO), for questions
corresponding to Template 1. Figure B.1 visualises the classification for the granular
barriers into their respective categories, as per survey feedback collected from domain
experts for CQs under Template 1. 87% of the participants classified ‘hypoglycemia’ as a
‘Health barrier’, and 47% classified ‘fatigue’ as a ‘Physical barrier’. Furthermore, 80% of
participants claim that ‘financial problem’ is a ‘Personal barrier’ and 97% indicate ‘weather
condition’ (cold, hot and wet) as ‘Environmental barrier’. Some barriers had multiple
classifications i.e. according to the results, they were suited to belong to more than one
barrier category. An example of this is where ‘fatigue’ was classified as both a ‘Health’ and
‘Physical’ barrier, receiving 33% and 47% votes respectively.
Figure B.1: A tree map depicting how domain experts classified barriers for CQs under
Template 1. Each barrier classification was confirmed by a minimum of 33% of the total
votes.
Table B.4 reveals answers corresponding to CQs 1.3 and 1.4 under Template 1 (answers
corresponding to CQs 1.1 and 1.2 are presented in Chapter 5), in terms of classification
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choices made by the experts (SR) along with classifications retrieved from the BO, including
a percentage similarity value (PS) indicating how comparable BO was to SR. For example,
a PS of 67% was obtained for CQ 1.4 resulting from the fact that, out of the combined
total of barriers classified, BO classified only 2 of these as Physical, whereas SR classified
all 3 as Physical, hence the 67% PS value.
Table B.4: Classifications assigned to barriers according to the Barrier Ontology (BO)
results and Survey Result (SR) for CQs 1.3 and 1.4 under Template 1. Ximplies a barrier
is identified as belonging to the corresponding Barrier Type, whereas X is the opposite. A
match (Percentage Similarity (PS)) between the BO and SR column indicates that the
ontology retrieved answers identical to those provided by experts in the survey.
CQ No. Barrier Type Barriers BO SR PS %
CQ 1.3 Personal Barrier
Lack of knowledge X X
75%
Lack of time X X
Old age X X
Dislike or lack of interest X X
Financial problem X X
Laziness X X
Preference for other activities X X
Facilities and equipment cost X X
CQ 1.4 Physical Barrier
Physical pain X X
67%Fatigue and tiredness X X
Obesity or overweight X X
B.3.2.2 Template 2
Below are the SPARQL queries corresponding to each CQ under Template 2:
CQ 2.1: What is the expected barrier for a male patient who is 37 years old, has a
full-time job, lives with his wife and two children, and complains about not having friends
to play sports with, and no personal support for performing physical activity?
1 Query 2.1:
2 SELECT distinct ?barriers
3 WHERE {
4 values ?dtps {: under60 :isMarriedWithChildren
5 :hasFullTimeJob :isSocial }.
6 values ?labels {"yes"^^xsd: "yes"^^xsd: "yes"^^xsd: "no"^^xsd:}.
7 ?dtps rdfs:seeAlso ?barriers.
8 ?dtps rdfs:comment ?labels
9 }
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Query 2.1 results:
- LackOfTime - LackOfSupportAndMotivation
CQ 2.2: What is the expected barrier for a person who has a full-time job, a minor
injury, and lives in a very crowded area with traffic issues? Their nearest sports centre or
gym and walking trails are more than an hour away by bus?
1 Query 2.2:
2 SELECT distinct ?barriers
3 WHERE {
4 values ?dtps {: under60 :hasFullTimeJob :hasPain
5 :traffic :trainingFacility }.
6 values ?labels {"yes"^^xsd: "yes"^^xsd: "yes"^^xsd: "poor"^^xsd:
7 "inaccessible"^^xsd:}.
8 ?dtps rdfs:seeAlso ?barriers.
9 ?dtps rdfs:comment ?labels
10 }
Query 2.2 results:
- LackOfTime - TransportationProblem
- PhysicalPain - LackOfFacilityAndEquipment
CQ 2.3: What is the expected barrier for a 70-year-old person who lives in an area with
very changeable weather where it is often raining and cold? They suffer from occasional
back pain.
1 Query 2.3:
2 SELECT distinct ?barriers
3 WHERE {
4 values ?dtps {: isOver60 :weather :hasBackPain }.
5 values ?labels { "yes"^^xsd: "cold␣and␣raining"^^xsd: "yes"^^xsd:}.
6 ?dtps rdfs:seeAlso ?barriers.
7 ?dtps rdfs:comment ?labels
8 }
Query 2.3 results:
- BadWeatherCondition - PhysicalPain
- OldAge
CQ 2.4: What is the expected barrier for a 45-year-old person who lives in an area that
lacks affordable gym facilities and suffers from asthma? They spend lots of time watching
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TV and browsing the internet.
1 Query 2.4:
2 SELECT distinct ?barriers
3 WHERE {
4 values ?dtps {: isUnder60 :hasOtherDiseases
5 :nonPhysicalActivity :trainingFacility}
6 values ?labels { "yes"^^xsd: "Asthma"^^xsd: "inaccessible"^^xsd:
7 "Television␣or␣Internet␣browsing"^^xsd:}.
8 ?dtps rdfs:seeAlso ?barriers.
9 ?dtps rdfs:comment ?labels
10 }
Query 2.4 results:
- PreferenceForOtherActivities - MedicalCondition
- LackOfFacilityAndEquipment
Survey Results (SR) and comparison with Barrier Ontology (BO), for questions
corresponding to Template 2: Table B.5 presents results to all CQs under Template 2.
Each value in the table represents the percentage volume of votes that a barrier received,
for qualifying as an activity preventing barrier with respect to the different CQs. Each
CQ was presented as a scenario in the survey, i.e. CQ 2.1 corresponds to scenario 1,
CQ 2.2 corresponds to scenario 2, and so on. Generally, the percentage volume of votes was
low, ranging between 33% and 57%. Nevertheless, this volume satisfied our requirement
of filtering out answers from the survey, i.e. an answer was only considered if it had
received at least 33% of the total votes (as detailed in Section 5.3.2). With the exception
of ‘lack of time’ and ’lack of facility’, all barriers were voted for in only one of the four
presented scenarios. For example, ‘lack of support’ received votes only in scenario 1 (47%),
‘pain(injury)’ received votes only in scenario 3 (38%), ‘transportation problem’ received
votes only in scenario 2 (20%), and so on. It is also observed that the survey participants
voted for at least 3 barriers as activity preventing barriers for the patients described in
scenarios 2 and 3, returning ‘lack of time’, ‘transportation problem’ and ‘lack of facility’ in
scenario 2, and returning ‘pain’, ‘weather’ and ‘old age’ in scenario 3. This is in contrast to
scenarios 1 and 4, where there was only two barriers returned by the survey participants.
Table B.6 reveals how BO and SR varied for the Template 2 CQs. There was a perfect
match between activity preventing barriers in BO and SR for scenario 3, resulting in
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Table B.5: Percentage volume of votes by domain experts, for activity preventing barriers
for patients described in scenarios derived from Template 2 CQs.
Barrier Scenario 1 Scenario 2 Scenario 3 Scenario 4
Lack of time 57% 33% - -
Lack of support/motivation 47% - - -
Lack of facility - 53% - 40%
Transportation problem - 50% - -
Bad weather - - 52% -
Old age - - 38% -
Pain (e.g. injury) - - 38% -
Medical condition (asthma) - - - 37%
a 100% PS. That is to say, both BO and SR returned ‘bad weather condition’, ‘old age’
and ‘physical pain’ as barriers that can hinder the patient described in scenario 3 (CQ 2.3).
Table B.6: Potential barriers according to the Barrier Ontology (BO) and Survey Results
(SR) for scenarios 3 and 4 under Template 2. Ximplies a barrier is a hindrance to patient
in response to the CQs, whereas X is the opposite.
Scenario 3 (CQ 2.3) Scenario 4 (CQ 2.4)
Barriers BO SR BO SR
Weather condition X X - -
Old age X X - -
Physical pain X X - -
Preference for other activities - - X X
Medical condition (asthma) - - X X
Lack of facility - - X X
Percentage Similarity (PS) 100% 67%
B.3.2.3 Template 3
Below are the SPARQL queries corresponding to each CQ under Template 3:
CQ 3.1: What are the barriers that prevent or limit people from performing ‘Football’,
despite being interested in this activity?
1 Query 3.1:
2 SELECT distinct ?barrier
3 WHERE { ?barrier :prevents :Football.
4 :prevents rdf:type owl:ObjectProperty }
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Query 3.1 results:
- LackOfSavePlaces - LackOfSkills - OldAge
- PoorAccessToExercisePlaces - FullTimeJob - Asthma
- LackOfTransportation - ColdWeather - KneePain
- PreferenceForOtherActivities - DislikeActivity - Obesity
- Hypoglycemia - LackOfConfidence - BodyImage
- FeelingStressedOrAnxious - CulturalNorms - Embarrassment
- FatigueAndTiredness - FeelingDepressed - Laziness
CQ 3.2: What are the barriers that prevent or limit people from performing ‘Swimming’,
despite being interested in this activity?
1 Query 3.2:
2 SELECT distinct ?barrier
3 WHERE {
4 ?barrier :prevents :Swimming.
5 :prevents rdf:type owl:ObjectProperty
6 }
Query 3.2 results:
- PreferenceForOtherActivities - Laziness - OldAge
- LackOfSwimmingPool - HomeResponsibilities - HeartRate
- LackOfTransportation - LackOfSavePlaces - BackPain
- FacilitiesAndEquipmentCost - DislikeActivity - Obesity
- LackOfProfessionalGuidance - LackOfConfidence - BodyImage
- FeelingStressedOrAnxious - FinancialProblem - Embarrassment
- FatigueAndTiredness - FeelingDepressed
CQ 3.3: What are the barriers that prevent or limit people from performing ‘Yard
work’, despite being interested in this activity?
1 Query 3.3:
2 SELECT distinct ?barrier
3 WHERE {
4 ?barrier :prevents :YardWork.
5 :prevents rdf:type owl:ObjectProperty
6 }
Query 3.3 results:
- FeelingStressOrAnxious - FeelingDepressed - Laziness
- PreferenceForOtherActivities - DisabilityOrInjury - HeartRate
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- FatigueAndTiredness - HomeResponsibilities - DislikeActivity
CQ 3.4: What are the barriers that prevent or limit people from performing ‘Running’,
despite being interested in this activity?
1 Query 3.4:
2 SELECT distinct ?barrier
3 WHERE {
4 ?barrier :prevents :Running.
5 :prevents rdf:type owl:ObjectProperty
6 }
Query 3.4 results:
- PreferenceForOtherActivities - OldAge - LackOfPark
- FamilyObligation - Hypoglycemia - HeartRate
- DisabilityOrInjury - RainyWeather - Laziness
- LackOfSavePlaces - DislikeActivity - Obesity
- FeelingDepressed - LackOfConfidence - BodyImage
- FeelingStressedOrAnxious - CulturalNorms - Embarrassment
- FatigueAndTiredness - LackOfPartnerSupport
Survey Results (SR) and comparison with Barrier Ontology (BO), for questions
corresponding to Template 3: Table B.7 presents results for all CQs under Template 3.
Each value in the table represents the percentage of votes a barrier received for qualifying as
a barrier that prevents a specific activity quoted in the CQs. It is vividly clear that besides
‘Yard work’, all other activities have got several barriers, with ‘Football’ topping the list
having 23 barriers in total. It is observed that a few barriers received a low percentage
volume of votes, such as ‘lack of safety’ (33%) and ‘facilities and equipment cost’ (43%).
Nevertheless, these barriers are considered because they satisfy the requirement set to filter
out answers from the survey (answers are considered provided they receive 33% of the
votes).
Tables B.8 and B.9 reveal the variation between BO and SR for CQ 3.3 and CQ 3.4
respectively. BO and SR concurred on 9 barriers out of 11, resulting in a PS of 82% for
CQ 3.3. Additionally BO and SR concurred on 19 of the 22 different barriers selected,
resulting into a PS value of 86% for CQ 3.4.
For all CQs under this template, there is a significant similarity between SR and BO.
The lowest PS value is 82% for ‘Yard work’ activity.
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Table B.7: Survey results for CQs under Template 3, ‘-’ means the barrier received less
than 33% of votes from participants.
No. Barrier Football Swimming Yard work Running
1 Bad weather (e.g. cold weather) - - - 97%
2 Lack of safety 33% - - 90%
3 Lack of facility (e.g. park) 60% 83% - 33%
4 Facilities and equipment cost 43% 90% - -
5 Transportation problem 60% 80% - 50%
6 Hypoglycemia or low sugar level 73% 33% 80% 63%
7 Medical condition (asthma) 63% 63% 37% 60%
8 Lack of time 87% 87% 43% 63%
9 Lack of Knowledge (e.g. skills) 57% 73% - 37%
10 Old age 47% 33% - -
11 Dislike 77% 77% 47% 70%
12 Financial problem 43% 73% - -
13 Laziness 87% 80% 57% 70%
14 Preference for other activities 73% 80% 50% 57%
15 Pain (e.g. injury) 80% 90% 53% 73%
16 Fatigue and tiredness 80% 77% 53% 60%
17 Lack of self-efficacy (confidence) 80% 77% - 57%
18 Feeling depressed 77% 83% 43% 60%
19 Feeling stressed or anxious 77% 73% 40% 67%
20 Lack of support/motivation 77% 57% - 67%
21 Cultural norms 70% 80% - 67%
22 Embarrassment 77% 80% - 63%
23 Overweight or obesity 67% 73% - 60%
24 Body image 77% 86% 33% 67%
Table B.8: Potential barriers to Yard work activity according to Barrier Ontology (BO)
and Survey results (SR).
No Barrier BO SR No Barrier BO SR
1 Feeling stressed or anxious X X 7 Dislike activity X X
2 Preference for other activities X X 8 Feeling depressed X X
3 Fatigue and tiredness X X 9 Laziness X X
4 Disability or injury X X 10 Heart rate X X
5 Home responsibilities X X 11 Hypoglycemia X X
6 Body image X X
Percentage Similarity (PS) = 81.81%
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Table B.9: Potential barriers to Running activity according to Barrier Ontology (BO) and
Survey results (SR)
No Barrier BO SR No Barrier BO SR
1 Hypoglycemia X X 12 Heart rate X X
2 Preference for other activities X X 13 Laziness X X
3 Fatigue and tiredness X X 14 Dislike activity X X
4 Lack of save places X X 15 Rainy weather X X
5 Lack of confidence X X 16 Lack of park X X
6 Lack of partner support X X 17 Feeling depressed X X
7 Family obligation X X 18 Cultural norms X X
8 Transportation problem X X 19 Obesity X X
9 Lack of Knowledge X X 20 Body image X X
10 Embarrassment X X 21 Old age X X
11 Feeling stressed or anxious X X 22 Disability or injury X X
Percentage Similarity (PS) = 86.36%
B.3.2.4 Template 4
Below are the SPARQL queries corresponding to each CQ under Template 4:
CQ 4.1: What physical activity is suggested for the bad weather condition (‘Raining’)
barrier?
1 Query 4.1:
2 SELECT distinct ?PhysicalActivity
3 WHERE {
4 ?PhysicalActivity :isSuggestedFor :RainyWeather.
5 :isSuggestedFor rdf:type owl:ObjectProperty
6 }
Query 4.1 results:
- HomeCleaning - Yoga
- WeightLifting - RopeSkipping
- Swimming - WalkingUpstairs
- Stretching - PushUps
- HouseholdTasks
CQ 4.2: What physical activity is suggested for the lack of time (‘Home responsibilities’)
barrier?
1 Query 4.2:
2 SELECT distinct ?PhysicalActivity
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3 WHERE {
4 ?PhysicalActivity :isSuggestedFor :HomeResponsibilities.
5 :isSuggestedFor rdf:type owl:ObjectProperty
6 }
Query 4.2 results:
- HouseholdTasks - RopeSkipping
- Yoga - WalkingUpstairs
- HomeCleaning - PushUps
- Walking
CQ 4.3: What physical activity is suggested for the ‘Financial problem’ barrier?
1 Query 4.3:
2 SELECT distinct ?PhysicalActivity
3 WHERE {
4 ?PhysicalActivity :isSuggestedFor :FinancialProblem.
5 :isSuggestedFor rdf:type owl:ObjectProperty
6 }
Query 4.3 results:
- LawnAndGardenActivity - YardWork
- Walking - RopeSkipping
- HouseholdTasks - WalkingUpstairs
- HomeCleaning - PushUps
CQ 4.4: What physical activity is suggested for the ‘Cultural norms’ barrier?
1 Query 4.4:
2 SELECT distinct ?PhysicalActivity
3 WHERE {
4 ?PhysicalActivity :isSuggestedFor :CulturalNorms.
5 :isSuggestedFor rdf:type owl:ObjectProperty
6 }
Query 4.4 results:
- HomeCleaning - Yoga
- WeightLifting - PushUps
- Swimming - HouseholdTasks
- Stretching
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Survey Results (SR) and comparison with Barrier Ontology (BO), for questions
corresponding to Template 4: Figure B.2 uses a grouped bar chart to visualise the
suggested activities for patients struggling with different barriers in Template 4 CQs. Home
activities are suggested as suitable activities for patients struggling with all four barriers
presented in the four respective CQs. Occupational activities are the second most popular
activities suggested for patients struggling with three barriers in CQs 3.2, 3.3 and 3.4.
Conditioning exercise was the least popular suggested activity, nominated as a suitable
activity only for the ‘bad weather condition’ barrier in CQ 4.1.















Aerobic Exercise Conditioning Exercise Occupational Activity Home Activities
Figure B.2: Bar chart indicating the category of activities that domain experts nominated
as suitable for T2D patients who experience four specific barriers: ‘bad weather condition’,
‘lack of time’, ‘financial problem’ and ‘cultural norms
Table B.10 compares suggested activities for the financial problem barrier (CQ 4.3) and
cultural norms barrier (CQ 4.4).
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Table B.10: Suggested activities according to the Barrier Ontology (BO) and Survey Results
(SR) to limit financial problem barrier (CQ 4.3) and cultural norms barrier (CQ 4.4) under
Template 4. Ximplies an activity is a suggestion to patient in response to the CQs, whereas
X is the opposite.
Financial problem (CQ 4.3) Cultural norms (CQ 4.4)
Physical activities BO SR BO SR
Aerobic exercises X X - -
Conditioning exercises - - X X
Occupational activities X X X X
Home activities X X X X
Percentage Similarity 100% 33%
